DETROIT PUBLIC LIBRARY 


SEP 5 1961 rd 


TECHNOLOGY 
DEPARTMENT 


PHE GEOLOGICAL SOCIETY 
OF AMERICA 


BULLETIN 








UBLISHED BY SOCIETY 


AUGUST 1961 





Council 


PRESIDENT 
Tuomas B. Noran,/|Washington, D. C. 


VICE-PRESIDENT 
M. Kino Hussert, Houston, Texas 


SECRETARY 
Freperick Betz, Jr., 419 West 117 Street, New York 27, N. Y. 


TREASURER 
J. Epwarp HorrMersTeEr, Rochester, N. Y. 


COUNCILORS 


sea 


& Sr = ee > 6 _ & ~ ae Abies 
BE an A eg AR Ct ile RR ea a i RS age Sai stipe cate a 
#4 MA Pee SS iaibes gece stots a Be Rik ak ie a at a ato 
Silat ianialteers: = 5 aauamiitlaice pitas tora ta ¥ BE ihe AE Sen iTS ak ot ne aa coiuiaianie 


1960-1961 Hoxiis D. Hepserc (past PRESIDENT) Princeton, N. J. 


1959-1961 


Joun C. Frye Rosert P. SHarp Cuartes F. Park, Jr. E. F. Ossors 
Urbana, Ill. Pasadena, Calif. Stanford, Calif. University Park, 


1960-1962 q 


Norman D. Newett Vincent C. Kettey Grorce P. Woottarp Harorp L. ? 
New York, N. Y. Albuquerque, N.M. Madison, Wis. Menlo Park, Ca 


1961-1963 


Epuarpo J. Guzman J. M. Harrison E. B. Ecker Cari Toman 
Mexico City, Mex. Ottawa, Ontario Denver, Colo. St. Louis, Ma, 


Sm 





COMMITTEE ON PUBLICATIONS 
WituraM C. Krumsein, Chairman Conferees 
E. N. Gopparp FrepDERICK Betz, JR., Secretary 
J. E. ARMSTRONG Acnes Creacu, Managing Editor 


eer 5c ssid 


EDITORIAL STAFF 


Acnes CREAGH BARBARA ANNE FE 
Managing Editor Assistant Editor 


ChB PBT 


Raine 


bi sinanit el 

















The Geological Society of America 


Bulletin 





August 1961 





CONTENTS 


Paleosols of Bermuda. ...... . . R. V. Ruhe, J. G. Cady, and R. S. Gomez 


Structural geology of the Beartooth Mountains, Montana and Wyoming. . . 
ee Richard M. Foose, Donald U. Wise, and George S. Garbarini 


nozoic stratigraphy and structural geology, northeast Yellowstone National Park, 
Wyoming and Montana .........2.... .. . Charles W. Brown 


Dispersal centers of Paleozoic and later clastics of the upper Mississippi Valley and 
adjacent areas... .... . . . . Paul Edwin Potter and Wayne A. Pryor 


SHORT NOTES 


Horizontal displacements in the floor of the northeastern Pacific Ocean 
Victor Vacquier, Arthur D. Raff, and Robert E. Warren 


Magnetic survey off the west coast of North America, 32° N. latitude to 42° N. latitude . 
Ronald G. Mason and Arthur D. Raff 


Magnetic survey off the west coast of North America, 40° N. latitude to 52° N. latitude . . 
Arthur D. Raff and Ronald G. Mason 


Explorer Bank—a new discovery in the Caribbean 
Harris B. Stewart, Jr., Arthur D. Raff; and E. L. Jones 


Use of water-well data in interpreting occurrence of aquifers in northeastern Lyon County, 
Minnesota Harry G. Rodis 


Multiple Pleistocene glaciation of the White Mountains, Apache County, Arizona . . . 
Mark A. Melton 


Late Wisconsin age of terrace alluvium along the North Loup River, central Nebraska: A 
revision Robert D. Miller and Glenn R. Scott 


dinimum age of the Middle Silurian in New Brunswick based on K-Ar method 
W. M. Tupper and S. R. Hart 


PROCEEDINGS OF THE SOCIETY . 


1121-1142 


1143-1172 


1173-1194 


1195-1250 


1251-1258 


1259-1266 


1267-1270 


1271-1274 


1275-1278 


1279-1282 


1283-1284 


1285-1288 
P15-P20 





Subscriptions $15.00 per year. Printing Office: Burlington, Vt. Second-class postage paid at Burlington, Vermont. 


Published monthly. 


mmunications regarding publications should be addressed to The Geological Society of America, Dr. Frederick 


Betz, Jr., Secretary, 419 West 117 Street, New York 27, N. Y. 


Please give notice of change of address 4 weeks in advance. Claims for nonreceipt of the Bulletin of a given month 


must be sent to the Secretary of the Society before the end of the second succeeding month. 


I ARTESIA Al Ea EG RARE NDR RRR oh IER Be 


NAST NO 


ee 











PAPERS IN PRESS FOR FORTHCOMING ISSUES 


Gero.ocy OF THE SEAL Lake Ares, Lasrapor. J. J. Brummer and E. L. Mann 


Arctic Basin GeomorpHotocy. Robert S. Dietz and George Shumway 


» V. RUHE 


G. CADY 
bs, GOMI 


Squantum “‘Tityire,” Massacnusetrs—EvipeNce oF GLACIATION oR SuBAQUEOUS MoveEMeny 


Robert H. Dott, Jr. 
STRATIGRAPHY OF THE ASHFORD AREA, SOUTHERN CascapEs, WasHINGTON. Richard V. Fisher 
QuantiTaTIVE AREAL Mopat ANaLysis oF Granitic Comptexes. E. H. Timothy Whitten 
Oricin OF THE GULF oF CaLiForniA. Warren Hamilton 
Erosion SurFAcEs AND Emercep Beacues IN Hone Kone. L. Berry 


Granitic ForMATIONS IN THE East-CENTRAL S1ERRA NEVADA NEAR BisHop, CALIFORNIA. Paul 
Bateman 


DevitriFIcaTion OF Naturat Gtass. Royal R. Marshall 


NEW MEMOIR 


84. Brstiocrapny oF Fossit Vertesrates, 1949-1953. C, L. Camp and H. J. Allison. 532 pages 
Price, $8.25 
Special price to Fellows and Members of GSA, $6.00 


TECTONIC MAP OF MEXICO 


Compiled by Zoltan de Cserna. Scale 1:2,500,000. In full color. 
Price, $5.50 
Special price to Fellows and Members of GSA, $4.00 


TREATISE ON INVERTEBRATE PALEONTOLOGY 


Part Q: ArrHropopa 3 (OstracopEs). 468 pages 
Price, $11.50 
Special price to Fellows and Members of GSA, $8.50 


FOREIGN BIBLIOGRAPHY—VOLUME 24 (FOR 1959) 


By Marie Siegrist, Mary Grier, and others. Planned for issue in September. 


Price, $17.00 
Pre-publication price (until September 1), $14.50 
Special price to Fellows and Members of GSA, $12.50 


NEW CODE OF STRATIGRAPHIC NOMENCLATURE 


The new Code of Stratigraphic Nomenclature, prepared by the American Commission on Strati 


graphic Nomenclature, appeared in the May 1961 issue of the Bulletin of the American Association 
Petroleum Geologists, pages 645-655. Separates are available from the AAPG, Box 979, Tulsa 1, Oklah 
for 50 cents each, postpaid; 20 per cent discount on lots of 50 or more. 


Authors of papers to be submitted to GSA for publication are requested to follow the usage established 


the new code. 


Paleosc 


bstract: Say 
tratigraphical 
arine limestc 
he paleosols 

tadials. Some 
me accretion 
bf residual soil 
insoluble resid 
ing whole soil. 
Field study 
bf the paleosol 
bermit direct 

be dated unle 
fection McGa 
posed; correlat 


introduction . 

Background ¢ 
Sayles’ work 

Paleosols . . 

Shore Hills pe 
Harrington pi 
St. George’s | 
Signal Hill pa 
McGall’s pale 
Modern Rend 
Characteristic 
Significance o 
eferences cited 


Figure 

1. Location of s 
P. Clay conten 
moderati 
B. Clay conten 
well-devi 














Geological Soci 








University, Ames, Iowa 


pV. RUHE § Soal Survey Investigations, Soil Conservation Service, 117 Agronomy Bldg., Iowa State 


-G. CADY Soil Survey Laboratory, Soil Conservation Service, Plant Industry Station, Beltsville, Md. 
RS, GOMEZ Soil Conservation Service, Post Office Box 127, University Park, N. Mex. 


Daleosols of Bermuda 


bstract: Sayles recognized five buried soils that 

tratigraphically separate eolianites and interbedded 

marine limestones in Bermuda. He considered that 
ul Che paleosols represent interglacial ages or inter- 
tadials. Some soils were considered residual, and 
ome accretionary. Estimates of time of weathering 
if residual soils were made by computing ratios of 
insoluble residues in parent eolianite to the overly- 
ing whole soil. 
Field study shows that island-wide correlation 
bf the paleosols may be tenuous. No available cuts 
hermit direct tracing of soils. Buried soils cannot 
be dated unless superposition is shown, and only 
ction McGall’s Bay shows all five soils super- 
posed; correlation with other sections is difficult. 


The morphology, physical and chemical proper- 
ties, and mineralogy (as determined by X-ray, 
DTA, and thin sections) of the paleosols show that 
Sayles’ Shore Hills and St. George’s soils have con- 
siderable soil development and may represent major 
stratigraphic breaks. They are not residual but have 
other materials incorporated in their uppermost 
parts. Thus, Sayles’ time estimates are questionable. 
The Harrington, Signal Hill, and McGall’s paleosols 
have only weak color profiles and slight accumula- 
tions of organic matter in their uppermost parts. 
The latter two soils may represent only local pauses 
in accretion during accumulation of the later 
Bermuda dunes. 








Background of Present Study 
tl The Bermuda Islands lie about 753 miles 


smpoltheast of New York in the Atlantic Ocean. 
The island chain trends northeast and extends 


i rom Long. 64°38’45’” W. to Long. 64°53’45’” 
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The senior author conducted field study 
during August 1957 under a grant from the 
Penrose Bequest of The Geological Society of 
America. A study of the palecsols was con- 
ducted at the requests of J Harlen Bretz and 


ecological Society of America Bulletin, v. 72, p. 1121-1142, 6 figs., 2 pls., August 1961 
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Figure 1. Location of sections in Bermuda. Numbered localities are sample sites of paleosols; 
lettered localities are described sections. SL—Shore Hills, H—Harrington, SG—St. 
George’s, SH—Signal Hill, MB—McGall’s Bay 


Heinz A. Lowenstam in conjunction with their 
geomorphologic and stratigraphic studies. 
Because of limited time, the field study was 
confined to three areas in Bermuda that best 
display the stratigraphic relations of the sedi- 
mentary beds and fossil soils (Sayles, 1931, p. 
397). These areas are in St. George’s parish, at 
McGall’s Bay, and on the Warwick-Paget line 
(Fig. 1). : 
Laboratory studies on the paleosols of 
Bermuda were conducted during parts of 1958 
and 1959 in the Soil Survey Laboratories, Soil 





inelsont, OCC 
in the fossil 
most part 
diagnostic 
soil zone. 
Sayles (p 
constant di 







Conservation Service, U. S. Department 


Agriculture, Beltsville, Maryland, and Staifland fossil : 
College, New Mexico. petrology c 
Silica was determined by fusion with soditi@frelation. 
carbonate and volatilizing with hydrofluon§ Sayles (f 


acid (Kolthoff et al., 1952, p. 384-394). lt@nature of | 
and phosphorus were determined from sampl@formities ar 
fused with sodium carbonate. Iron was d@of the form 
termined from an acid filtrate by titration wil 
potassium dichromate (Hamilton e7 al., IMB i calcium 
p. 187-197). Phosphorus was determined {10 equivalent in 
a water filtrate by precipitating it as a ph0if tables as CaC 
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omolybdate, dissolving in sodium hydroxide, 
d titrating the excess base (Horwitz et al., 
55, p. 35). Organic carbon was determined 
y wet digestion with chromic and sulfuric 
ds and titration with ferrous sulfate (Peech 
al, 1947, p. 5-7). Calcium carbonate! was 
termined by gravimetric loss of carbon 
ioxide (Richards et al., 1954, p. 105). Alumi- 
um was determined colorimetrically (Jackson, 
958, p. 297-300). The pipette method was 
sed for mechanical analyses (Kilmer ez al., 
949, p. 15-24). 

The senior author is grateful to The Geo- 
pgical Society of America for allocation of 
nds to cover transportation and field ex- 
benses. Criticism of the manuscript by J Harlen 
Bretz is appreciated. The writers also appreci- 
te the assistance of Mrs. Doris P. Gartner in 
he laboratory studies and V. H. Gledhill’s ad- 


‘ice on laboratory procedures. 


Sayles’ Work 

STRATIGRAPHY: Sayles (1931, p. 390-397) de- 
scribed the sedimentary rocks that are exposed 
n the islands as a sequence of eolianites with 


[ee marine limestones (Table 1). He 


es-zeas- | 





efined eolianite as an indurated eolian lime- 
tone. The eolianite is described as a white or 
cream-colored, wind-deposited, more or less 
consolidated rock composed dominantly of 
shell fragments, ranging from rounded to 
pagular. Particles range from 0.1 to 2 mm and 
average 0.5 mm; they are chiefly fragments of 
pelecypods and some Foraminifera, crabs, and 
bigae. The eolianite is generally cross-bedded. 
Sayles (p. 392-394, 430-439) found that sev- 
eral species of extinct land snails, of which the 
| largest and most abundant is Poecilozonites 
nelsoni, occur in the Walsingham eolianite and 
; fin the fossil soils, including that in the upper- 
most part of the Devonshire limestone. No 
diagnostic faunal assemblages exist above this 
soil zone. 
Sayles (p. 439-455) found no systematic and 
onstant differences in the sedimentary rocks 
and fossil scils; he therefore concluded that 
_ petrology could not be of great service in cor- 
odiug relation. 
fluor} Sayles (p. 391) states: ‘‘Due to the eolian 
. MGnature of the deposits, overlaps and uncon- 
mpl formities are abundant. In many sections some 
as dof the formations may be completely lacking.” 
n wil 
194] ‘Calcium carbonate as used in this paper is CaCO3 


fro equivalent in per cent and is designated in figures and 
phase tables as CaCO. 
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A difficulty becomes evident at this point. If 
there are no diagnostic faunal assemblages, if 
no systematic differences in petrology exist be- 
tween beds and soils, if overlaps, unconformi- 
ties, and absence of formations are abundant, 
how is a specific formation identified? Pre- 
sumably if Poecilozonites nelsoni is present, the 
section is somewhere from the Walsingham up 
through the Harrington. If the snail is absent, 
the formation could be any one of the four 
eolianites from the base of the column to the 
top. 
Sayles defined his formations above the 
Walsingham by relating them to the super- 
posed fossil soils. Without diagnostic faunal as- 
semblages, mineralogic or petrologic character- 
istics, or other physical features, recognition 
and classification of specific formations within 
the stratigraphic column rest upon the proper 
identification of fossil soils. 

FOSSIL SOILs: Sayles (p. 427-428) states: 


‘Three processes have been active in the production 
of the soils of Bermuda. Much of the material is 
obviously residual, the insoluble residue of large 
amounts of eolianite. Soils of this type are well 
oxidized and either deep-red or chocolate-brown. 
A second process is by accretion from above. Fine 
calcareous sediment blown around by the wind has 
frequently contributed a large quantity of material 
to the soils. Such soils are very light-colored, either 
cream, pink, or gray. Thirdly, the material formed 
by either of the two processes just outlined may 
be concentrated in hollows by rain-wash. . . .” 


The thickest fossil soil in Bermuda is the red 
Shore Hills (Sayles, p. 393). It ranges from 4 to 
12 feet thick. The Harrington soil is light- 
colored, as much as 4 feet thick, and composed 
of wind-blown materials (weathered in some 
places, fairly fresh in others). Sayles considered 
it a soil of accretion. 

The St. George’s soil is deep red or chocolate 
brown, 2 feet thick; Sayles (p. 395) considered 
it to be a product of weathering. The younger 
soils, Signal Hill and McGall’s Bay (p. 395- 
396), are light-colored, locally pink, 2 feet 
thick, and the products of accretion rather than 
decay. 

Poecilozoniies nelsoni serves to distinguish the 
Harrington and Shore Hills soils (p. 430-439). 
The Harrington, Signal Hill, and McGall’s Bay 
soils would be difficult to differentiate if they 
contained no distinctive fossils. The deep-red 
color, solution pockets, and soil base distin- 
guished the Shore Hills and St. George’s soils 
from the others. Presumably these two soils 
could be differentiated by the Belmont marine 
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limestone below the Shore Hills and the Pem- 
broke eolianite beneath the St. George. Strati- 
graphic formations were identified by the sub- 
jacent and superjacent fossil soils, but it is ap- 


TasBLe 1. 
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Sayles did not describe the fossil soils in dey Depth (inche 
His analytical data cannot be related tog 
specific part of a soil, and therefore cannot} 
compared with data reported here. 


PLEISTOCENE STRATIGRAPHY OF BERMUDA 


After Sayles (1931) 














Stratigraphic column Correlation 
Td 
Present soil Postglacial 
Southampton eolianite Glacial f Hudsonian 
McGall’s soil Interglacial | Recession 
Somerset eolianite Glacial > Wisconsin 4 Quebecan 
Signal Hill soil Interglacial Recession 
Warwick eolianite Glacial Manitoban 
St. George’s soil Interglacial Sangamon 
Pembroke eolianite Glacial Illinoian 
Harrington soil ) 
Devonshire limestone Interglacial Yarmouth 
Shore Hills soil oo . 
Belmont limestone } 
Walsingham eolianite Glacial Kansan 
parent that specific fossil soils cannot be identi- PALEOSOLS 
fied readily, and in some cases must be related Shore Hi 
to subjacent and superjacent formations. Ac- %727¢ fills Paleosol 
curate stratigraphic classification and correla- MORPHOLOGY AND PHYSICAL PROPERTIES 


tion are therefore difficult. 

Sayles (p. 442-443) computed the ratios of 
insoluble residues of the Shore Hills and St. 
George’s soils to the residues of the parent ma- 
terial, marine limestone and eolianite. He con- 
cluded that 100 cu ft of limestone was de- 
stroyed to yield 1 cu ft of soil. He further 
estimated (p. 448) that 200,000 years or more 
were necessary to develop the Shore Hills soil 
and 150,000 years for the St. George’s soil. 
Comparisons then were made (p. 452-456) with 
Kay’s (1931, p. 425-466) estimates of the dura- 
tion of the Pleistocene of the North American 
midcontinent region (See Table 1).?. Flint 
(1957, p. 357, 363) and Kulp (1953, p. 204- 
206) have used Sayles’ stratigraphy in Ber- 
muda for correlation with the Pleistocene in 
North America. 

It is difficult to compare the results of the 
present study with the work of Sayles because 


2 The Wisconsin glacial stage as given by Sayles fol- 
lowed Leighton (1931, p. 52). Leighton (1933, p. 168) 
later changed the names of the substages to Iowan 
(Manitoban), Tazewell, Cary (both included in Quebec- 
an), and Mankato (Hudsonian). 





The Shore Hills paleosol varies considerably is 
its morphology and physical properties (Se: 


tion 1). 


Section 1. Shore Hills (?) paleosol, road cut at inte 
section .3 mile north of Bermuda Biological Resear 


Station (Fig. 1, No. 1) 


Depth (inches) 
0-62 


Description 


Very pale-brown (10YR 8/35 
calcareous eolianite; massive; fr 
able to indurated; clastic lime 
stone composed dominantly 0 
rounded shell fragments of fing 
to coarse 


sand size; 


sharp boundary to 


62-66 
(Ap horizon) 


ary to 


Reddish-yellow (5Y R 7/7) loam 
sand‘; single grain structure 
friable; calcareous; iron-oxide 
coatings on grains; gradual bound: 


3 Munsell soil colors, moist soil 


* Soil-horizon descriptions follow the U. S. Depatt 
ment of Agriculture’s Soil Survey Manual (1951, p 
173-234). The terms ‘‘aggregates” or ‘‘peds”’ are ust 
synonymously in this paper to denote individual sol- 


structure units. 


= 


distinct, 


66-72 
(Bip horizor 


2-75 
(Bap horizc 


75-76 
(Drmb hori 


76-124 


The Shi 
strongly « 
the By he 
on soil ags 
tion of th 
creases in 
$2.3 to 59 
sand is de 
grains 0 


Rounded 
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D detail Depth (inches) Description grains are very sparse. Although there has been 
| toa 66-72 Yellowish-red (SYR 4.5/6) sandy _ slight structural development in the soil and 
nnot He (By horizon) loam; generally massive but with accumulation of clay in some horizons, the 
weak fine subangular blocky presence of abundant primary weatherable 
structure; matrix friable and cal- material does not indicate intensive weather- 
careous; with calcareous nodules; , 
half an inch to | inch in diameter; hi pe a fl oh 
weak discontinuous iron oxide is paleosol occurs on a flat to slightly “se 
3 and possible clay coatings on ag- V¢X Summit of the buried surface. The lime- 
Bs gregates; gradual boundary to stone that mantles the paleosol is a bedded 
~~ 
oh ooo” 100 et at ae 
i We ..” “4 
or \ ) 4 Ps 
20} i \ il 4... : 
61 J eee 
Pk feo 
oe ee 
! \ 
SR 
60 
vol. 
Figure 2. Clay content and chemical composition of 
moderately developed paleosols. Profile 1—Shore Hills, 
— profile 2—St. George’s, profile 3—coalescent Shore 
Hills and St. George’s 
72-75 Pink (7.5YR 7/4) loam; mod-  eolianite, which when traced laterally several 
(By, horizon) _—_ erate fine to medium subangular hundred feet southwest is surmounted by a 
-RTIES blocky structure; firm; iron oxide moderately developed paleosol. If Sayles’ 
bly i and weak continuous clay coat- criteria of stratigraphic classification are fol- 
(See ings on aggregates; interiors of Joyeq the upper paleosol must be the St. 
aggregates have single grain ag eo . 
structure; calcareous with mod- George’s, and the eolianite must be Pembroke. 
it inter erate carbonate cementation; dis- Thus, the Devonshire must be missing from 
esear tinct, sharp boundary to the section, and the Shore Hills paleosol repre- 
5-716 Pale-brown (10YR 6/2) dense- sents weathering from the Belmont to the 
(Drmb horizon) banded and laminated capping on Pembroke. Bretz (1960, p. 1739-1740) con- 
5/35 bedded and cross-bedded lime-  siders the lower limestone to be the Walsingham 
eek stone; “‘soil base” of Sayles; eolianite, so the weathering interval could be 
lime transitional zone half an inch to from Walsingham to Pembroke. 
tly o | inch thick to A well-developed Shore Hills paleosol, 
of fing 76-124 White (10YR 8/2) limestone; Sayles’ type Shore Hills soil (Pl. 1, fig. 1), is 
stinct massive; alternately strongly and detailed in Section 4. 
weakly indurated; presumably 
loam Belmont or Walsingham lime- Section 4. Shore Hills paleosol, gravel pit .2 mile 
am stone. northeast of Bermuda Biological Research Station 
oxide ~The Shore Hills paleosol in this section is not (Fig. spite 9 os 
oun strongly developed. Clay has accumulated in DePth (inches) Description 
the By horizon as shown by the clay coatings ita eae 3 Dark-red (2.5YR 3/6) loam; 
on soil aggregates and the particle-size distribu- (IAp horizon)? ati hard; —— 
tion of the soil (Fig. 2). Total sand content de- cena? ase a “id 
3 : ‘ ° ments; calcareous; distinct, sharp 
pag creases in the Ap, Bip, and Ba» horizons from NGC Ce 
51, p) 82.3 to 59.8 to 43.1 per cent. In all horizons the —~ ; 
Ra sand » dominantly detrital calcium carbonate 5 Roman numerals preceding soil horizon designations 
| sa grains of rounded _ fossil-shell fragments. indicate vertical sequence of different materials (Ruhe 
Rounded detrital quartz and black opaque and Daniels, 1958, p. 66-69). 
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Depth (inches) 
14-20 
(IIBip horizon) 


Description 
Dark reddish-brown (2.5YR 3/4) 
clay loam; weak, fine granular; 
firm; discontinuous clay coatings 
on aggregates; calcareous; grad- 
ual boundary to 


Dark reddish-brown (2.5Y R 3/4) 
clay; moderate medium sub- 
angular blocky structure; firm; 
continuous clay coatings on ag- 
gregates; upper 3 inches with 
secondary carbonate, lower 3 
inches leached; gradual boundary 
to 
26-46 Dark reddish-brown (2.5YR 3/4) 
(IIIB22p horizon) clay; strong medium subangular 
blocky with macroprismatic 
structure; firm when dry; plastic 
when moist; thick continuous 
clay coatings on aggregates; 
leached; at 38 inches white sec- 
ondary carbonate on aggregate 
faces and in root channels, but 
matrix leached; gradual boundary 
to 
46-57 Dark-red (2.5YR 3/6) clay; 
(IIIB23p horizon) strong medium to fine subangular 
blocky structure; firm; continu- 
ous clay coatings on aggregates; 
leached; secondary carbonate 


20-26 
(IIBe1p horizon) 


coatings on aggregate faces and 


along root tubules; gradual 


boundary to 

Dark-red (2.5YR 3/6) silty clay; 
massive; friable when dry; firm 
when moist; calcareous; distinct, 
sharp boundary to underlying 
limestone but clay fillings in solu- 
tion pipes extend 10-12 feet be- 
low surface of limestone 


57-64 
(IIIB3p horizon) 
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Depth (inches) 
64+ 
(Drp horizon) 


Description 
White (10YR 8/2) Compact, 
dense limestone with ioe. 
brown (7.5YR 5/4) and red 
yellow (7.5YR 6/6) iron oxié 
stain; Belmont limestone, 


The Shore Hills paleosol in this section j 
more strongly developed than in the bugieg 
soil in Section 1. Clay has accumulated in th 
B horizon of this soil (Fig. 3). Undoubtedly, 
the clay content of the B horizon is greate; 
than reported because complete dispersion ya 
not obtained during laboratory analysis, 

Sand contents decrease from 35.6 per cen 
in the IAy, horizon to 27.5 per cent in th 
IIBy» horizon and decrease abruptly to 6 pe 
cent in the IIBo, horizon and remain unifom 
with depth throughout the lower part of th 
soil profile. Sand in the IAy, horizon is dom- 
inantly rounded fragments of limestone and 
fossil shells. Rounded and subrounded quam 
is common. In the IIB, horizon no limestone 
and shell fragments are present; rounded and 
subrounded quartz grains are abundant in this 
horizon as well as in the subjacent [By 
horizon. In the I[[Bos, horizon and _ below, 
quartz grains are sparse. The vertical sequence 
of differing compositions indicates that three 
layers of material are involved in this Shore 
Hills paleosol. The lower material apparently 
was derived from weathering of the Belmont 
limestone (Pl. 2, fig. 3). A sediment with 
abundant quartz was deposited on the lower 
saprolite, and a second sediment containing 
carbonate material was deposited above. A deep 
soil now encompasses all these materials. 

Southwest along the face of the quarry, the 





Prate 1. 


is only a weak oxidation profile 


Figure 3. Type St. George’s paleosol buried under Warwick eolianite; paleosol occupies a depression; 
paleosolic surface rises up 14 and 21 per cent slopes to the left 
Figure 4. Type Signal Hill paleosol; a very weak oxidation profile in Warwick eolianite; buried under 


Somerset eolianite 


Figure 5. Type McGall’s paleosol; a very weak oxidation profile in Somerset eolianite; buried unde 


Southampton eolianite 


Figure 6. Modern Rendzina with wavy ‘‘soil base’ of cemented carbonate 

Figure 7. McGall’s Bay section; from base upward Belmont limestone, Shore Hills paleosol (SL), Devor- 
shire limestone, Harrington paleosol (H), Pembroke eolianite, St. George’s paleosol (SG), Warwic 
eolianite, Signal Hill paleosol (SH), Somerset eolianite, McGall’s paleosol (M), Southampton eolianite 


modern soil 


PALEOSOLS, MODERN SOIL, AND McGALL’S BAY SECTION 
Scale in feet 


Figure 1. Type Shore Hills paleosol; solution pipes extend 10 to 12 feet downward into Belmont lime 
stone; paleosol buried under eolianite to right along quarry face 
Figure 2. Harrington paleosol buried under bedded Pembroke eolianite (Mullet Bay section); paleosd 
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Ficure 2 Ficure 5 





Ficure 3 Ficure 6 


MICROMORPHOLOGY OF HORIZONS OF SHORE HILLS AND 
ST. GEORGE’S PALEOSOLS 





RUHE ET AL., PLATE 2 
Geological Society of America Bulletin, volume 72 
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Shore Hills paleosol is mantled by a younger 
limestone. According to Sayles (1931, p. 402), 
the rock is not the Devonshire marine lime- 
sone but is an eolianite of indeterminate age. 
Bretz (1960, p. 1740), however, believes that 
the limestone is an early Devonshire dune sand 
deposited in advance of a rising sea level. The 
Shore Hills paleosol may thus represent the in- 
terval between the Belmont and the Devon- 
shire, or a longer interval between the Belmont 
and a younger eolianite. 

Although this paleosol crops out as a level 
surface in the quarry face, it probably occu- 
pied a depressional position on the surface be- 
fore burial so that material was washed from 
adjacent higher slopes into the present upper 
soil profile. Intensive weathering of soils is not 
uncommon in depressions with a moist en- 
vironment (Ruhe, 1956, p. 449). Such soils are 
generally thicker and more weathered than are 
those on better aerated higher slopes and sum- 
mits. The differences in development of the 
Shore Hills paleosol (Fig. 3, profile 4°) in con- 
trast to the Shore Hills paleosol (Fig. 2, profile 
|) reflect environmental differences as well as 
accretion. 

MINERALOGY: Sayles (1931, p. 439-444) has 
described the sand-fraction mineralogy of the 
fossil soils and eolianites (Table 2). The per- 
centages are averages of the following number 
of samples of soils and eolianites: Shore Hills 
(10), Harrington (8), St. George’s (11), Signal 
Hill (7), McGall’s (1), and eolianites (9). Sayles 
observed that perovskite, pyroxene, magnetite, 
titanite, biotite, and glass occur in the igneous 
platforms below the sedimentary rocks of Ber- 





$Soil profile: a vertical section of the soil from the 
surface through all its horizons into the parent material. 
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muda but thought quartz, orthoclase, garnet, 
zircon, tourmaline, rutile, muscovite, horn- 
blende, staurolite, and kyanite were erratic be- 
cause they were not reported in the igneous 
platform. He (1931, p. 443-444) speculated 
that these minerals were transported to Ber- 
muda by birds, tropical hurricanes, a jellylike 
organic substance floating in the ocean, and/or 
floating sarga.so weed. 





a 








IF 


Soil Fr 








Figure 3. Clay content and chemical 
composition of well-developed ‘‘type” 
Shore Hills paleosol; profile 4 


Clay fractions of profile 4 (Fig. 3) have been 
analyzed by X-ray and differential thermal 
analysis. In addition, thin sections of the soil 
horizons were studied. X-ray patterns consist 
of very weak reflections which correspond to 
spacings of 14 and 7.2 A with a band of irregular 
scatter from about 9 to 4 A. The patterns indi- 
cate that the clay contains amorphous ma- 
terial. Small constant amounts of vermiculite 
and kaolin are present in all horizons. DTA 


3 
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MICROMORPHOLOGY OF HORIZONS OF SHORE HILLS 
AND ST. GEORGE’S PALEOSOLS 


Figure 1. Photomicrograph of thin section of A horizon of type Shore Hills paleosol; light-gray primary 
carbonate sand grains in dark clay matrix; an accretionary layer in the soil 

Figure 2. Photomicrograph of thin section of B horizon of type Shore Hills paleosol; gelatinous irregularly, 
finely laminar clay; absence of primary carbonate sand grains 

Figure 3. Photomicrograph of thin section of Belmont limestone; parent rock of lower part of type Shore 
Hills paleosol; rounded sand grains of fossil shells and primary carbonate in calcitic matrix 








Figure 4. Photomicrograph of thin section of A horizon of type St. George’s paleosol; light-gray sand 
grains of fossil shells and primary carbonate in dark clay matrix; an accretionary layer in the soil 

Figure 5. Photomicrograph of thin section of B horizon of type St. George’s paleosol; dark clay matrix 
with black rounded lateroid aggregates; absence of primary carbonate sand grains 

Figure 6. Polished section of ‘‘soil base”; C—cap, T—transition, R—rock; occurs at top of rock just 
below paleo-solum of profile 3; note wavy laminae in cap; result of translocation of iron oxide, alumina, 
and silica from overlying solum and precipitation in upper part of subjacent rock; see Figure 6. 
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patterns are similar for all horizons and have a 
broad endotherm at about 330°C which prob- 
ably is caused by hydrous iron oxides. A fairly 
broad but definite endotherm occurs at 450- 
480°C which is caused by a calcium aluminum 
phosphate, crandallite. Chemical and X-ray- 
diffraction data support this interpretation. 
Thin sections show a mixture of fossil frag- 
ments with reddish clayey material and fine 
secondary calcite in cracks and disseminated 
throughout the IA, horizon (PI. 1, fig. 1). The 
clayey material is organized in subrounded ir- 
regular bodies; some is oriented around fossil 
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filling cracks and voids has approximately th 
same birefringence as the material in th 
matrix but is somewhat better crystallized. Th. 
colorless mineral probably is crandallite. Ty 
gelatinous-appearing material here looks 
reacts like montmorillonite. It swells in wat. 
and breaks apart in little rhombohedral slickep, 
sided blocks when slightly moist or dry, by 
X-ray patterns indicate no montmorillonite, 
The material in horizon IIIB3, differs stn. 
turally from that of I11Boop. It has a fine sub 
rounded irregular aggregate pattern, appear 
less gelatinous, and has not been affected gj 

















Taste 2. MtNeRALOGY OF SAND FRACTIONS OF BERMUDA PALEOSOLS AND EOLIANITES 
After Sayles (1931, p. 421-442); expressed in per cent; T, trace 
Shore St. Signal 
Mineral Hills Harrington George’s Hill McGall’s Average —_ Eolianite 

Quartz 43 32 25 25 40 32 37 
Pyroxene 12 36 22 43 6 27 10 
Perovskite 30 16 19 21 6 21 15 
Magnetite 6 1 12 9 4 7 5 
Orthoclase i ig 3 9 1 6 4 18 
Glass L 5 5 0 38 3 6 
Titanite 2 5 l g i e 2 F 
Garnet 5 i‘ f I t 1 4 
Plagioclase 2 2 43 1 

“ 1 


Others yi ir sb 


fragments. In the I[By, horizon reddish-brown 
clayey material contains smaller, more dense 
aggregates. The clayey material is organized in 
subrounded irregular aggregates. Some lighter- 
colored yellowish-brown aggregates contain 
less granular material and have clay orientation 
in weakly birefringent films. Secondary calcite 
fills spaces in the matrix. In addition a colorless 
mineral, possibly crandallite, with weak bire- 
fringence shows extinction characteristics of 
aggregate crystals. The IIBo, horizon is 
similar to II[By,, an unorganized, isotropic clay 
matrix with a subrounded, blocky aggregate 
structure. Secondary calcite occurs in cracks 
and voids. The light-colored aggregates, with a 
suggestion of oriented clay films, are more 
abundant. 

The IIIB22, horizon (PI. 2, fig. 2) is distinctly 
different from the IIBy,y. An extremely fine, 
reddish-brown gelatinous-appearing material 
has a strong angular crack system indicating 
colloid movement, shrinkage, and compression. 
Most of the material shows a faint birefringence 
with considerable orientation and organization 
probably due to pressure. A colorless mineral 





much by shrinking and swelling. The matrixi 
faintly birefringent with weakly birefringem 
films or layers of clay lining pores and channek. 





The thin-section data support the earlier 
conclusion that accretion of material, including 
carbonate, fossil shells, and sand grains, has 
occurred in two upper layers, the IA, horizon 
and the IIBy,-IIBo, horizons. These layer 
overlie a basal layer which includes the IIBs;- 
IIIB, horizons. 

CHEMICAL COMPOSITION: Organic carbon 
(Table 3) has a uniform distribution in th 
Shore Hills paleosol (profile 1) and may have 
accumulated in the By, horizon (0.52 per cent 
which occurs just above the soil base. 

In the Shore Hills paleosol, profile 4 (Fig. 3, 
organic carbon has accumulated in the solution 
pipe fillings (0.96 per cent in IITB3, horizon) i# 
the Belmont limestone (Table 3) and is unifom 
in the remaining profile. In both soils maximum 
organic carbon occurs just above a more itt 
permeable cap on the bedrock, the ‘‘soil bas, 
or the bedrock. The more impermeable bet 
rock surface apparently acted as a catchmet! 
for organic material. 
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PALEOSOLS 


Calcium carbonate content (Figs. 2, 3) dif- 
ferentiates the intensity of weathering of the 
two Shore Hills paleosols. In profile | the con- 
tent is high in the upper part of the solum, 
somewhat lower in the lower part, and higher 
in the parent material. Secondary enrichment 
undoubtedly has occurred in the paleosol by 
calcium carbonate brought downward in solu- 
tion from the overlying eolianite. This soil con- 
tains 82.3, 59.8, and 43.1 per cent sand com- 
posed of fossil-shell fragments in the Ap, Bip, 
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and Bs, horizons. Most of the calcium car- 
bonate in the soil probably is primary and in- 
dicates that this Shore Hills paleosol is not in- 
tensively weathered. 

The calcium carbonate content in profile 4 
(Fig. 3) is somewhat high in the upper part of 
the solum, extremely low in the lower part, and 
high in the underlying rock. Thin sections 
showed secondary calcite in cracks and voids in 
all horizons, indicating that secondary enrich- 
ment occurred from above. The IA; horizon 











Tasce 3. CHemicaAL ComposiTION OF MODERATELY AND WE LL-DeveLopeD BERMUDA PALEOSOLS 
E, eolianite; Ca, cap (soil base); Tr, transition (soil base); R, rock (soil base); A—D, soil horizons 
Organic 
Paleosol and horizon SiO2 Fe203 AlsO3 carbon CaCO; P2O5 
Profile 1. Shore Hills 
E 39 .29 04 33 96.0 
Ab 4.50 .65 .36 .24 92.1 
Bib 1-7) 1.97 .85 34 90.3 
Bop 2.44 | Be 9 1.00 52 89.3 
Drmb Ca 30 2.26 2 94.7 
Te .09 .92 19 95.4 
R .00 WY fi mol 97.0 
Profile 2. St. George’s-Shore Hills 
Ap 2.08 2.12 74 33 94.1 
Bp 3.66 2-37 1.06 35 92.9 
Cp 1.84 1.17 84 ae 94.5 
Drpb .00 1.00 5 Pe) 92.6 
Ap2 3.69 .86 1.39 af 88.5 
Bye 3.34 2.66 53 .30 89.2 
Profile 3. St. George’s-Shore Hills 
j Ap 54 2.46 2.22 .40 85.5 
Bib 10.76 3.98 2.60 48 42.3 
Bop Za 4.29 2.65 34 81.4 
Bsip 6.71 4.12 4.73 34 81.8 
B3ap 17.02 9.38 5.09 1.56 59.1 
Dims Ca 77 1.80 5.43 92.7 
Tr .09 1.52 3.78 93.6 
R .00 1.00 ay | 97 .5 
Profile 4. Shore Hills 
IAp 11.12 13.16 5.91 .40 63.1 2.7" 
IIByp 22.76 24.54 12.05 is 18.6 9.1 
IIBoyp 24.71 31.35 9.21 44 3.9 13.4 
IIIBoo, 19.95 32.60 10.16 54 1.9 15.7 
IIIBo3p 19.05 33.09 9.26 43 2.6 16.0 
IIIBs, 14.83 28.63 11.06 .96 14.6 10.8 
Drb 36 .60 5.20 .20 92.1 8 
Profile 6. St. George’s 
E 56 .83 .10 .60 95.0 
Ab 25.18 9.87 3.54 78 60.0 
Bib 49.42 12.87 3.43 .62 24.7 
Bop 66.41 14.04 4.25 .60 3.1 
Bip Ca 4.39 | he 7. 1.65 92.2 
Tr 58 .60 95 95.3 
R .09 46 38 96.6 





*P2Os analysis in part by J. H. Caro, U. S. Dept. Agriculture, Agricultural Research Service, Fertilizer Investi- 


gations Research Branch 
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has 35.6 per cent sand composed of fragments 
of calcareous fossil shells; the source of sec- 
ondary carbonate is not only the overlying 
eolianite but also the upper layers of the soil 
added by accretion. 

Iron oxide contents (Figs. 2, 3; Table 3) of 
the two soils also show differences in degrees of 
weathering. In profile | iron oxide content is 
low in the upper part of the solum, increases in 


TABLE 4. 
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alumina are low throughout the solum, but ip. 
crease slightly in the lower part of the solum, 
In profile 4 (Fig. 3) these compounds ar 
relatively high throughout the solum. Silica js 
at a maximum in the upper part of the B 
horizon and reflects the abundance of detrital 
quartz. With this exception the silica distriby- 
tion is uniform, but amounts are smaller in the 
lower part of the solum. Alumina is low in the 


MECHANICAL AND CHEMICAL CoMPOSITION OF WEAKLY DevELopED BERMUDA PALEOSOLS 


E, eolianite; A, C, D, soil horizons 











Silt and Organic 
Soil and horizon Sand clay Fe2O3 carbon CaCO; 
Profile 5. Harrington 
Ee ©: be yg 41 94.9 
Cp1 96.5 35 .74 .38 96.1 
Cpe 97.4 2.6 1.66 .36 94.1 
Cys 98.2 1.9 1.29 .30 93.3 
Drb ‘ .74 58 92.6 
Profile 7. Signal Hill 
E Sis es 1.29 44 97.4 
Cor 98.8 1.2 1.12 37 97.4 
Cp2 99.3 7 .92 35 97.5 
Drp : .74 65 98.1 
Profile 8. McGall’s 
E 99.5 2 — «ae 99.3 
Ab 96.7 3.3 .60 49 92.9 
Cp 99.6 .4 .49 38 94.5 
Drb 99.8 ey .40 .32 92.9 
Profile9. Modern Rendzina 
Al 96.8 32 2°23 V72 92.9 
AC 97.7 ? I 1.52 91 92.8 
Cc 09.5 2 .74 .42 93.9 
D; 99.7 Be: .60 42 95.6 





the lower part, and decreases with depth. An 
increase occurs in the cap zone of the soil base. 
Iron oxide has accumulated in the B horizon 
of the soil and apparently is related to paleosol 
development. Comparison of the buried soil 
with the overlying eolianite indicates that en- 
richment of iron oxide in the paleosol did not 
come from solutions from the overlying 
eolianite. Iron oxide content, however, is low 
(only a few per cent) throughout the profile. 
In profile 4 (Fig. 3; Table 3) the iron oxide 
content is relatively high in the upper part of 
the solum, increases with depth, and decreases 
slightly in the lower part of the solum. In the 
underlying rock the iron oxide content is ex- 
tremely low. Iron oxide has accumulated in the 
B horizon of this soil in much greater quantity 
than profile 1. Profile 4 is much more weathered. 
In profile 1 (Fig. 2; Table 3) silica and 


IAp horizon but higher and fairly uniform in 
the rest of the profile. 

Profile 4 is unusual with a large content of 
phosphate (Fig. 3; Table 3) (low in the upper 
part of the solum, maximum in the B horizon, 
and decreasing in the lower part of the solum). 
The underlying rock is extremely low in phos 
phate. The leaching of guano from the soil sur 
face and precipitation of phosphate as crandal- 
lite in the soil has added extraneous phosphate 
to the profile. Sayles (1931, p. 443-444) noted 
that Bermuda is on the bird migratory route 
between the West Indies and Nova Scotia. 

The distributions of calcium carbonate, iron 
oxide, silica, alumina, and phosphate support 
the interpretations of X-ray-diffraction pat 
terns and differential thermal analysis curves 
that much of the clay is amorphous and has 
small amounts of vermiculite and kaolin, and 
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that hydrous iron oxides and calcium aluminum 
phosphate occur in the clay fraction. 


Harrington Paleosol 


MORPHOLOGY AND PHYSICAL PROPERTIES: 
The Harrington paleosol (Pl. 1, fig. 3) is quite 
yniform in its morphology and physical prop- 
erties. Sayles (1931, p. 394) considered this soil 
to be one of accretion although “‘greatly 
weathered in some places.” Section 5 gives the 
details of this paleosol. 
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Depth (inches) Description 

140-152 Pink (7.5YR 8/4) to white 

(Dyp horizon) (10YR 8/2) calcareous limestone; 
horizontal bedding; partially in- 
durated; presumably Devonshire 
limestone; buried soil over Dry 
horizon ranges in thickness from 
6 to 20 inches. 


The limestone in which the Harrington soil is 
formed appears to be an eolianite rather than a 
marine limestone. Bretz (1960, p. 1738) states 


100 O 








Figure 4. Chemical composition of weakly developed paleosols and modern soil. Profile 
5—Harrington, profile 7—Signal Hill, profile 8—McGall’s, profile 9—modern 


Rendzina 


Section 5. Harrington paleosol, road cut along Ferry 
Road at Mullet Bay (Fig. 1, No. 5) 


Depth (inches) Description 

0-120 White (10YR 8/2) friable cal- 
careous eolianite; horizontal, un- 
dulatory bedding; presumably 
Pembroke eolianite; sharp, dis- 
tinct boundary to 

120-125 Reddish-yellow (7.5YR 8/6) 

(Cy horizon) sand; single grain structure; fri- 
able; gradual boundary to 

125-129 Reddish-yellow (7.5YR 7/6) 

(Cy horizon) sand; single grain structure; fri- 
able; gradual boundary to 

129-140 Reddish-yellow (7.5YR 6/6) 

(C;, horizon) sand; single grain structure; fri- 
able; sharp, distinct, wavy bound- 


ary to 


that he and Lowenstam found ‘‘roots’’ of the 
Shore Hill soil close to tide level at Mullet Bay 
that are filled with Devonshire marine sand. He 
believed that the Harrington soil was formed 
in the upper Devonshire sand and in the first 
eolian accretions of the overlying Pembroke. 
He states (1960, p. 1739): ‘‘We [Bretz and 
Lowenstam] found Devonshire marine fossils 
in its [Harrington soil] lower part and pul- 
monate snail shells in the upper reddened zone. 
It is definitely an eolianite deposit throughout.” 

Bretz with Lowenstam and later Ruhe 
traced the eolianite overlying the Harrington 
soil in the cuts along the road toward St. 
George. A well-developed soil, Sayles’ type St. 
George’s (Table 1), is formed in the eolianite. 
Thus, the eolianite overlying the Harrington 
soil is accepted as Pembroke (Sayles’ definition, 
1939, p. 395). 
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The Harrington paleosol is weakly developed. 
Sand content (Table 4) is more than 96 per 
cent throughout the profile. Only minor silt 
and clay are present. There is no structural 
aggregation in the soil. Single grain structure, 
that is, individually preserved carbonate grains, 
is present in the zone of weathering and in the 
underlying parent eolianite. 

Other Harrington paleosols studied at Har- 
rington Sound and McGall’s Bay (Fig. 1, H) 
have very similar morphologies and physical 
properties. 

MINERALOGY: The mineralogy of the Har- 
rington soil is simple. Individual grains of car- 
bonate rock and shell fragments of sand size are 
found in all horizons. Very coarse sand is com- 
mon, but medium and fine sand are dominant. 
The grains range from subrounded to dom- 
inantly rounded. Grain interiors are white, but 
exteriors are coated reddish yellow. The coat- 
ings thicken with depth in the Cy horizon. The 
coatings are iron oxide (Table 4). A few black 
opaque grains occur throughout the soil pro- 
file. 

CHEMICAL COMPOSITION: In comparison to 
the chemical composition of the moderately 
developed Shore Hills paleosol (Table 3, pro- 
file 1), the Harrington paleosol (Fig. 4; Table 
4) has lesser amounts of iron oxide, has a 
similar organic carbon content, and has greater 
amounts of calcium carbonate. In comparison 
to the well-developed Shore Hills paleosol 
(Table 3, profile 4) chemical constituents differ 
greatly in the Harrington soil. The latter soil is 
only a weak color profile in calcium carbonate 
material. At no place was the soil greatly 
weathered. 


St. George's Paleosol 


MORPHOLOGY AND PHYSICAL PROPERTIES: 
Sayles (1931, p. 429) considered the St. 
George’s soil residual (weathered in place) al- 
though he recognized (p. 427) ... “‘that as fast 
as the oxidized material formed [on slopes] it 
was washed into the hollows by the runoff.” 
The type St. George’s soil (Sayles, p. 397) is 
shown in Section 6. In this cut a reddish clayey 
paleosol occupies a depression (Pl. 1, fig. 3). 
The paleosolic surface rises westward in the cut 
up a 14 per cent slope and more sharply up a 21 
per cent slope. The paleosols on these slopes 
are much lighter colored and lighter textured 
than the depressional soil. 

This paleosol is well developed. Clay has ac- 
cumulated in the By horizon (Fig. 5), and 
structural aggregates are strongly developed. 
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Section 6. St. George’s paleosol, cut along Ferry Rogj 
at west limit of Town of St. George (Fig. 1, No. 6 


Depth (inches) 
0-96 


96-99 
(IA, horizon) 


99-101 


(IIBy» horizon) 


101-118 


(IIIB, horizon) 


118-169 + 


(IIID;» horizon) 


Description 


Very pale-brown (10YR 8) 
calcareous eolianite; bedded; 
moderately well indurated; pre. 
sumably Warwick eolianite; mod. 
ern soil in uppermost part; sharp, 
distinct boundary to 


Dark-red (2.5YR 3/6) clay loam; 
weak fine subangular _ blocky 
structure; friable; calcareous with 
both primary carbonate shel 
fragments, and secondary ca. 
bonate coatings on aggregates 
gradual boundary to 


Dark reddish-brown (2.5YR 3/4) 
clay; strong fine subangular 
blocky; firm; clay coatings on 
peds; calcareous, with secondary 
carbonate on ped surfaces; grad. 
ual boundary to 


Dark reddish-brown (2.5YR 2/4) 
clay; strong medium subangular 
blocky with strong medium 
prismatic structure; firm; clay 
coatings on peds; leached; sharp, 
distinct boundary to 


White (10YR 8/2) calcareous 
eolianite; horizontal _ bedding; 
indurated with pale-brown(10YR 
6/3) dense cap one half an inch 
to 1 inch thick at top of eolianite, 
soil base, discontinuous in section. 


Sand content decreases from 34.2 per cent in 
the [Ay to 15.3 per cent in the ITByy to 2.6 per 
cent in the IIIBa, horizon. Sand in the upper 
two horizons is dominantly subrounded calcium 
carbonate fossil-shell fragments. There are 
sparse rounded detrital quartz and black opaque 
grains. In the lowest horizon the carbonate 
fragments are not abundant, but subrounded 
detrital quartz and black opaque grains are 
common. The distribution of detrital calcium 
carbonate sand suggests that at least two ac- 
cretionary layers are present and have been 
incorporated in the profile by weathering 
processes. This soil is not residual; the lower 
horizon may be weathered from the underlying 
Pembroke eolianite, but the two upper ac: 
cretionary layers probably were washed from 
the adjacent 14 and 21 per cent slopes. 

Less weathered and developed St. George's 
paleosols are described in Section 2. The St. 
George’s soil is formed in Pembroke eolianite 
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314 feet thick below the solum. The eolianite 
in turn overlies the Shore Hills soil. About 50 
feet farther southwest in the cut, the St. 
George’s and Shore Hills paleosols merge into 
one profile. Where the two soils are separated 
by the thin eolianite the section is as shown in 


Section 2. 
Section 2. St. George’s paleosol, road cut .3 mile north 


of Bermuda Biological Research Station several 
jundred feet southwest of Section 1 (Fig. 1, No. 2) 


Depih (inches) Description 
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Depth (inches) Description 


116-120 Light yellowish-brown (10YR 

(Ape horizon) 6/4) loam; mottled with light 
gray (1OYR 7/2); single grain 
structure; friable; calcareous; 
gradual boundary to 

120-125 Reddish-yellow (7.5YR 6/6) 


sandy loam; weak fine subangular 
blocky; firm; coatings on peds; 
calcareous; sharp boundary to 
Pale-brown (10YR 6/3) cap at 
top of calcareous eolianite; dense; 
hard; banded; gradual boundary 
to 


(Bp2 horizon) 


125-126 
(Drmb2 horizon) 








weak fine subangular blocky; 
peds firm, matrix friable; coat- 
ings on aggregates; calcareous; 
sharp boundary to 
Reddish-yellow (SYR 6/6) sandy 
loam, calcareous eolianite; mot- 
tled with white (10YR 8/2); 
locally indurated; wavy boundary 
to 


(By horizon) 


74-83 
(Cy horizon) 


83-116 Very pale-brown (10YR 8/3) 
(D1 horizon) sandy loam, calcareous eolianite; 
generally friable but locally 


cemented nodules and _ lenses; 
sharp boundary to 











0-66 White (L0YR 8/2) fine-grained 
calcareous eolianite; bedded and 126-135+ Pink (755YR 7/4) limestone; 
cross-bedded; modern soil at top; (Drn2 horizon) bedded; indurated; presumably 
sharp boundary to Walsingham eolianite. 
.e) 10 20 30 40 50% 60 70 80 90 =6. 00 
T T T T i T i T tay 
‘’ & 
= 5 MBa 
3 : 
” 
Dr 
30- 
Figure 5. Clay content and chemical composition ot well-developed ‘‘type” 
St. George’s paleosol; profile 6 
6-70 —— Reddish-yellow (SYR 6/6) sandy The lower buried soil Apz~By2 and underlying 
(Authorizon) loam; single grain structure; fri- limestone D,, can be traced northeastward 
able; grains rounded limestone directly along the face of the cut to Section |. 
~— at os calcareous; The Jower buried soil is the Shore Hills and is 
ie iptiqaatatee pa bec underlain by the Walsingham eolianite of Bretz 
1-74 Yellowish-red (SYR 5/6) loam; (1960, p. 1739-40); the upper buried soil 


Api-Bpi is on a slope of 20 per cent in Pem- 
broke eolianite overlying the Shore Hills 
paleosol. 

Neither buried soil is strongly weathered, 
although soil development is moderate. In the 
upper soil total sand contents are 55 and 45 
per cent in the solum, and in the lower soil, 47 
and 55 per cent. The sand is fresh primary car- 
bonate fossil-shell fragments. Rounded quartz 
grains are sparse in the upper buried soil but 
more common in the lower. Clay has accumu- 
lated in each of the By horizons (Fig. 2); 
structural aggregation is moderate. 
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Depth (inches) 
0-109 


109-114 
(IAp horizon) 


114-120 
(IB yp horizon) 


120-126 
(IIBop horizon) 


126-130 
(IIB3p horizon) 


130-131 


131-140 + 
(11D, horizon) 





Section 3 gives the detail of the morphology 
where the two buried soils merge. 


Section 3. Shore Hills/St. George’s paleosol, road cut 
.3 mile north of Bermuda Biological Research Station, 
50 feet southwest of Section 2 (Fig. 1, No. 3). 


Description 
White (10YR 8/2) calcareous 
eolianite; bedded and _cross- 
bedded; presumably Warwick 
eolianite; sharp boundary to 


Red (2.5YR 4/6) sandy clay 
loam; single grain structure; fri- 
able; calcareous; gradual bound- 
ary to 

Dark-reddish brown (2.5Y R 3/4) 
loam; weak fine  subangular 
blocky; firm; clay coatings on 
peds; calcareous; gradual bound- 
ary to 

Reddish-brown (SYR 5/4) loam; 
moderate fine subangular blocky; 
firm; clay coatings on peds; cal- 
careous; gradual boundary to 
Strong-brown (7.5YR 5/6) loam; 
moderate fine subangular blocky; 
firm, compact; clay coatings on 
peds; calcareous; solution pits 
4-6 inches in diameter locally 
extend 12-18 inches below base 
of this horizon; filled with strong- 
brown loam material; sharp 
boundary to 


Pale-brown (10YR 6/3) cap on 


(IIDrmb horizon) limestone; dense, banded; half an 


inch to 1 inch thick; surface 
wavy; gradual boundary to 


White (10YR 8/2) limestone; 
with strong-brown (7.5YR 5/6) 
and reddish-yellow (7.5YR 6/6) 
iron oxide stain; Walsingham 
eolianite. 


This soil is slightly more weathered and some- 
what better developed than the two buried 
soils in Section 2. Textures are heavier; colors 
have stronger chroma. More clay is present 
(Fig. 2), but two zones of accumulation are 
evident. Structural aggregation is moderate. 
Fresh primary carbonate fossil-shell frag- 
ments are abundant in the upper two horizons 
which are 55 and 40 per cent sand respectively; 
the lower horizons have 30-35 per cent sand. 
The upper two horizons represent an accre- 
tionary layer of Pembroke eolianite added to 
the Shore Hills paleosol in Walsingham eolian- 
ite. Two cycles of pedogenesis (Shore Hills 
and St. George’s) are superimposed in one soil 
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profile. This soil is not truly residual soil, py 
monogenetic. 

A comparison of the three St. George’s sojj 
shows that the soil in the depressional area (py 
file 6) has stronger morphological developmey) 
than the soils on slopes and summits which ay 
only moderately weathered and develope 
(profiles 2, 3). Accretionary materials are cop, 
mon in these soils (profiles 3, 6). The superin. 
position of the second weathering cycle on tk 
soil resulted in more intensive weathering ay 
morphological development than in the gg 
not subjected to such activity (profiles 2, 3) 
These complications in pedogenesis make j: 
difficult to estimate age by volume of weathere 
residue, as Sayles (1931, p. 442-443) proposed 

MINERALOGY: X-ray patterns of the chy 
fractions of all horizons of the St. George’s sq 
(profile 6) show nonexpanding clays with 14 | 
reflections which collapse on heating whe 
saturated with potassium. The mineral 
vermiculite. Fairly strong reflections corr. 
sponding to a spacing of 7.2 A indicate th 
presence of kaolin although the reflections my 
be in part the second order of the 14 A reflec 
tions. Illite and montmorillonite are not pres 
ent. Differential thermal analysis patterns ar 
alike for all horizons and indicate the presence 
of kaolin and about 7-8 per cent gibbsite. 

Thin sections of the IA; horizon of the sol 
(Pl. 2, fig. 4) show the abundant occurrence of 
three kinds of carbonate material (primary 
carbonate fragments of fossil shells, secondary 
carbonate nodules, and a more coarsely crystal 
line carbonate that fills the larger pores and 
channels). The primary carbonate fragments 
are surrounded by reddish clay that shows ag 
gregate birefringence but only rare thin cor 
tinuous coatings. 

In thin section the IIB, horizon has a much 
higher proportion of clay. There are a few frag 
ments of primary carbonate fossil shells. Fine 
grained secondary calcite is impregnated 
throughout the clay matrix; a subangular to 
subrounded structure is apparent. There art 

areas of darker and lighter red caused by loal 
variations in amounts of clay and iron oxide 
and dark-red round dense aggregates that re 
semble laterite. Some of these aggregates con 
tain gibbsite. 

The IIIB, horizon (PI. 2, fig. 5) is reddish 
brown uniform clay with abundant pores and 
cracks with considerable organization. Small 
birefringent scales are common throughout the 
matrix, and in some places they form contin 
ous patches or networks with the same orients 
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tion. Thin clay coatings are in cracks and 
onented around pores. Well-crystallized gibb- 
site occurs in localized patches between bands 
of gelatinous-appearing golden-brown very fine 
cay whose particles have parallel orientation, 
and in pores and channels in a dark-red un- 
organized clay matrix. 

The X-ray, differential thermal analysis, and 
thin-section studies show that this St. George’s 

eosol is strongly weathered and well devel- 
oped. Clay particles have been oriented within 
the profile. Increasingly greater contents of 
detrital calcium carbonate fossil shells in the 
upper two horizons indicate the addition of 
two accretionary layers in the soil and give 
further evidence that this St. George’s soil is 
not truly residual. Analysis of the underlying 
rock showed no gibbsite, kaolin, or vermiculite. 

Little variation appears in the X-ray and 
DTA patterns in all horizons of the coalescent 
St. George’s-Shore Hills paleosol (profile 3). 
X-ray patterns have 14 A and 7.2 A reflections 
indicating vermiculite and kaolin. DTA pat- 
terns show kaolin and 5-10 per cent gibbsite. 
Gibbsite increases with depth in the profile. 

Thin sections of the IA, horizon show a loose 
subrounded ped structure composed of carbon- 
ate shell fragments with coatings of reddish- 
brown clay. The clay shows no oriented bire- 
fringence. Clay-particle orientation may be 
masked optically by the high birefringence of 
abundant secondary calcite. The IB, horizon 
has thicker and more abundant clay coatings 
surrounding the detrital calcium carbonate 
fossil-shell fragments. Some of the clay appears 
to show oriented birefringence, but abundant 
secondary calcite obscures the pattern. The 
IIBy, horizon is very similar to the IA; horizon 
in thin section, and the IIB3, is very similar 
tothe IB,4. The IIB3, horizon is differentiated 
by a few dense lateritelike subrounded pellets 
that contain gibbsite. Secondary calcite ob- 
scures possible oriented clay films in the lower 
two horizons. 

The thin sections show not only the added 
accretionary layer and the two upper horizons 
of the profile, but also the superimposed weath- 
ering cycles. The sequence appears to be an 
A-B profile overlying an A-B profile. How- 
ever, in the field the morphology appears as 
one related sequence of horizons, A over B 
horizon. 

CHEMICAL COMPOSITION: Organic carbon 
(Table 3) is uniform throughout the St. 
George’s paleosol (profile 6) although there 
may be a slight accumulation in the [Ay hori- 
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zon. Distribution of calcium carbonate (Fig. 5) 
confirms the greater amounts of primary car- 
bonate in the upper two horizons of the profile 
revealed by mineralogical study. The overlying 
Warwick eolianite could serve as the source of 
carbonate for secondary enrichment of the 
underlying paleosol. Thin-section studies indi- 
cate that the upper two horizons of the soil 
have higher carbonate content because of 
accretion of primary carbonate and enrichment 
in secondary carbonate from the overlying 
eolianite. 

Iron oxide increases slightly with depth in 
the solum (Fig. 5; Table 3). The iron oxide 
formed during the weathering of the paleosol. 
There is little ifany secondary enrichment from 
above. Iron oxide content of the overlying 
eolianite is less than | per cent. Alumina in- 
creases slightly with depth in the profile, and 
there has been translocation of this compound. 
At the soil-base contact with the underlying 
Pembroke eolianite, the cap zone has 1.65 per 
cent alumina, the transition 0.95 per cent, and 
the eolianite 0.38 per cent (Fig. 6). Alumina 
has concentrated in the soil base. 

Silica is extremely high throughout the 
solum and is at a maximum in the Boy horizon 
(Fig. 5; Table 3). Silica has also accumulated in 
the cap of the soil base (Fig. 6) but decreases 
downward through the transition zone to just 
a trace in the parent rock. 

The presence of abundant amounts of iron 
oxide, alumina, and silica and their distribution 
in the profile (Fig. 5) indicate strong develop- 
ment of the soil. The chemical data also support 
the interpretations of the X-ray-diffraction and 
DTA patterns. 

Organic carbon (Table 3) is uniformly dis- 
tributed in profile 2, but an accumulation is 
apparent in the solution pipe filling beneath 
the solum in profile 3. High carbonate content 
(Fig. 2) in profiles 2 and 3 is more than 80 per 
cent with the exception of 59 per cent in the 
solution pipe filling. Mineralogical data showed 
this carbonate to be mainly primary carbonate 
fossil-shell fragments, although some secondary 
calcite is present. There is no leached horizon 
with extremely low carbonate content in either 
profile. 

In profile 2 (Fig. 2; Table 3) where two 
buried soils are separated by thin eolianite, 
there are two maxima of iron oxide and alumina 
in each profile. In profile 3, however, where two 
weathering cycles are superimposed, one maxi- 
mum of iron oxide and alumina is evident. 
Apparently the last weathering cycle was 
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effective in arranging the compounds in the 
vertical sequence common to one cycle of 
weathering. 

The translocation of iron oxide and alumina 
in profile 3 is evident when the horizon data of 
the solum are related to the underlying soil base 
at the top of the parent rock (Fig. 6; Pl. 2, fig. 
6; Table 3). In the soil base cap, iron oxide 
content is 1.80 per cent, alumina 5.43 per cent, 
and silica 0.77 per cent. This zone is half an inch 
thick. A transition zone half an inch thick has 
an iron oxide content of 1.52 per cent, alumina 
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estimating its age by degree of soil deve 
ment. Thus, his conclusions are questionable 


Signal Hill Paleosol 


MORPHOLOGY AND PHYSICAL PROPERTHS. 
Sayles (1931, p. 397-398) considered § 
George’s parish the type locality of the fog 
soils of Bermuda. He traced the stratigraphi 
relationships of the eolianites and buried sok 
directly from the type St. George’s soil (profil 
6 of this paper) to the top of Khyber Pass wher 
the type Signal Hill soil is present. Sayles 
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Figure 6. Physical and chemical characteristics of soil base. Profile 


1—Shore Hills, profile 3—coal 
profile 6—St. George’s 


3.78 per cent, and silica 0.09 per cent. The 
underlying parent limestock has 1.00 per cent 
iron oxide, 0.71 per cent alumina, and no meas- 
urable silica. The densities of these zones show 
that materials have been added from above. 
The parent rock has a density of 1.92 gm/cc, 
the overlying transition 2.54 gm/cc, and the 
oveilying cap 2.96 gm/cc. The cap is just 
beneath the base of the solum. The soil base is 
a thin horizon of iron oxide, alumina, and 
silica accumulations that have been transported 
from the overlying soil and concentrated in the 
upper part of the subjacent parent rock. 

A comparison of the chemical data (Table 3) 
of the St. George’s paleosols of the poorly 
drained depression (profile 6) with the poly- 
genetic (profile 3) and the monogenetic (pro- 
file 2) soil reaffirms the conclusion reached 
through morphologic and mineralogic studies 
that the intensity of weathering and soil de- 
velopment decreases in the order given. Sayles 
(1931, p. 442-443) did not observe these com- 
plexities in the soil in correlating the St. 
George’s paleosol with the continent and in 





escent Shore Hills and St. George’s, 


stated: ‘‘Four of the five soils are exposed in 
such relations as to preclude any possible doubt 
that each soil represents a distinct and separate 
horizon.” Bretz and Lowenstam (Pretz, 1960, 
p. 1738) and later Ruhe attempted to trace the 
eolianites and soils that Sayles described but 
could not confirm Sayles’ correlation. 

Sayles’ type Signal Hill soil is present in the 
pass, however (Pl. 1D), and is exposed ina 
vertical road cut (Section 7). 


Section 7. Signal Hill paleosol, Khyber Pass, &. 
George’s parish (Fig. 1, No. 7) 

Depth (inches) 
0-51 


Description 


White (10YR 8/2) calcareous 
eolianite; friable to moderately 
indurated ; upper beds horizontal, 
lower, cross-bedded, dipping 
northwest; presumably Somerset 
eolianite; sharp boundary to 
Very pale-brown (10YR 8/35) 
sand; single grain structure; fr 
able; calcareous; gradual bound- 
ary to 


51-56 
(Cy horizon) 
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Depth (inches) Description 

56-66 Very pale-brown (10YR 8/3) 

(Cp horizon) sand; single grain structure; fri- 

able; calcareous; gradual bound- 
ary to 

66-138-+ White (10YR 8/2) calcareous 


(D,» horizon) eolianite; friable to moderately 
indurated; cross-bedded, dipping 
southeast; presumably Warwick 
eolianite. 


Morphologically there is little evidence of 
weathering in this buried soil. There is very 
dight coloration (only 1 to 14% units of 
chroma). There is no clay formation detecta- 
ble. The Cy horizons have 98.8 and 99.3 per 
cent sand (Table 4). There is no structural 
aggregation, and the only horizonation is based 
upon very slight color changes. 

MINERALOGY: All horizons in the section con- 
tin individual grains of primary calcium 
carbonate shell fragments. All grains are sub- 
rounded to dominantly rounded. The grains 
range from very coarse to very fine sand with 
medium sand dominant. There are a few black 
opaque grains. In the C; horizons the grains 
have very weak, very pale-brown coatings on 
the surface. Interiors of the grains are white. 
The grains in all horizons appear fresh and un- 
weathered. 

CHEMICAL COMPOSITION: All horizons have 
more than 94 per cent calcium carbonate (Fig. 
4; Table 4). Organic carbon is less than | per 
cent and is uniformly distributed throughout 
the section. Iron oxide decreases uniformly from 
slightly more than | per cent in the overlying 
Somerset eolianite to slightly less than 1 per 
cent in the underlying Warwick eolianite. The 
very pale-brown coatings on the grains in the 
Signal Hill soil probably are iron oxide. 

The chemistry, mineralogy, and morphology 
of this soil show that there has been little 
weathering except for some release of iron 
oxide. 

Sayles (1931, p. 396) considered the Signal 
Hill soil to be one of accretion. The soil is 
essentially raw eolianite. 


McGall’s Paleosol 


MORPHOLOGY AND PHYSICAL PROPERTIES: 
Sayles (1931, p. 398) stated that the McGall’s 
soil is exposed on the St. George’s Hotel golf 
course about 200 yards northeast of the Signal 
Hill type locality (Section 8). A shallow valley 
separates this exposure from Signal Hill. Bretz 
with Lowenstam (Bretz, 1960, p. 1739), and 
later Ruhe, agreed that no stratigraphic rela- 
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tionships can be determined between these 
localities. Bretz stated: “‘Since no order of 
superposition exists, this McGall’s soil could 
be judged as earlier or later than, or contempo- 
raneous with, the Signal Hill type exposure, at 
the whim of the observer.” 


Section 8. McGall’s paleosol, sand trap of St. George’ s 
Hotel golf course (Fig. 1, No. 8) 


Depth (inches) Description 

0-180 Very pale-brown (LOYR 8/3) cal- 
careous eolianite; presumably 
Southampton; friable; — cross- 
bedded, dipping south; lower 9 
inches massive and friable; mod- 
ern soil at top; sharp boundary to 

180-186 Light-gray (10YR 7/2) sand; 

(Ayp horizon) single grain structure; friable; 
calcareous; gradual boundary to 

186-201 Very pale-brown (10YR 8/3) 

(ACy horizon) sand; single grain structure; fri- 
able; calcareous; gradual bound- 


ary to 
201+ White (10YR 8/2) sand; single 
(Cy horizon) grain structure; presumably Som- 


erset eolianite. 


Morphologically there is little evidence of 
weathering in this buried soil. There appears to 
be a slight accumulation of organic matter in 
the Ay, horizon and a slight coloration due to 
slight oxidation in the AC horizon. The magni- 
tude of color change is only one unit of chroma. 
There is no formation of clay. Sand contents 
(Table 4) down through the section are 97 or 
more per cent. There is no structural aggrega- 
tion, and the only horizonation is based upon 
slight changes in color. 

MINERALOGY: All horizons in the section are 
composed of grains of calcium carbonate shell 
fragments that are subrounded to dominantly 
rounded. The grains range from very coarse to 
very fine sand with medium sand dominant. 
All grains appear fresh and unweathered. In the 
Aw horizon there are black, thin, sparse carbo- 
naceous coatings on the grains. In the AC; ho- 
rizon there are thin, very pale-grown iron oxide 
coatings on the grains. Little weathering is 
evident. 

CHEMICAL CoMpPosiTION: The slight accumu- 
lation of organic carbon (Fig. 4; Table 4) in the 
Ap horizon of the soil decreases with depth in 
the profile. Calcium carbonate content is high 
throughout the profile. There is slight accumu- 
lation of iron oxide in the Ay horizon which 
decreases with depth. The conclusion that little 
weathering has been effective is supported by 
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chemical data deduced from the morphology 
and mineralogy of the soil. There has been only 
slight accumulation of organic matter in the 
Ay and AC, horizons, Sayles considered Mc- 
Gall’s soil to be accretionary. 


Modern Rendzina 


MORPHOLOGY AND PHYSICAL PROPERTIES: For 
comparison a modern soil was studied, and 
samples were collected at the same locality as 
the McGall’s soil (Section 9). The soil occurs 
on a 9 per cent slope. 


Section 9. Modern Rendzina sand trap on St. George’s 
Hotel golf course (Fig. 1, No. 9) 

Depth (inches) 
0-9 


(A, horizon) 


Description 
Very dark-gray (10YR 3/1) 
sand; weak fine granular struc- 
ture; friable; calcareous; heavy 
root mat; gradual boundary to 
Light brownish-gray (10YR 6/2) 
and grayish-brown (10YR 5/2) 
sand; single grain structure; fri- 
able; calcareous; roots abundant; 
gradual boundary to 
Very pale-brown (10YR 8/4) 
sand; single grain structure; fri- 
able; calcareous; depth of root 
penetration at base of this 
horizon; gradual boundary to 
Very pale-brown (10YR 8/3) 
sand; single grain; friable; cal- 
careous eolianite presumably 
Southampton. 


9-17 
(AC horizon) 


17-28 
(C horizon) 


28-65 + 


Morphologically this soil shows stronger de- 
velopment than the Harrington, Signal Hill, 
or McGall’s paleosols. There are greater ac- 
cumulations of organic matter in the A horizon, 
stronger chromas in the profile, and evidence 
of carbonate leaching. A soil base of indurated 
secondary carbonate a quarter to half an inch 
thick commonly occurs in the lower part of the 
soil (Pl. 1, fig. 6). Although sand content 
(Table 4) is high (more than 95 per cent 
throughout the profile) it is lowest in the A 
horizon and progressively increases with depth. 
Such distribution may reflect the leaching in 
the upper part of the soil. 

MINERALOGY: Individual grains of primary 
carbonate fragments of fossil shells occur 
throughout the profile. The grains range from 
very coarse sand to very fine sand, with 
medium sand dominant. All grains are sub- 
rounded to dominantly rounded. In the “A; 
horizon the grains have very dark-gray coatings 
of organic matter. Interiors of grains are white. 
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In the AC horizon the grains have very 
gray coatings of organic matter, and some ha 
pale-brown coatings of iron oxide. In the 4the two soils 
horizon the coatings are pale-brown iron oy The Pols 
Carbonate-cemented aggregates are commgpileosol (pr 
in the C horizon, which indicates some leachiy formed intl 
and reprecipitation of carbonate in the sojj, }summit, wh 
CHEMICAL COMPOSITION: Organic carbon ay Pembroke . 
iron oxide (Fig. 4; Table 4) are at a maximyyGeorge s © 
in the A; horizon of the soil and progressiye|smaller am 
decrease with depth. The organic carbon ap sesquioxide 
iron oxide contents are much greater in comin addition 
parison to the Harrington, Signal Hill, apjhas an accr’ 
McGall’s paleosols. There is no orderly arrangy The Sho 
ment of these compounds in the paleasols a¢4St George 
the modern Rendzina. Carbonate is at a minjthe order : 
mum in the A, horizon and progressively j (Fig. 2), si 
creases with depth. The orderly arrangement q The mo 
carbonate may be due not only to the additioging- Very. 
of organic carbon and iron oxide in the uppe (Table 4). 
horizons of the soil, but also to the leaching yaccumulate 
carbonate in the upper horizons and reprecip +): A sligh 
tation at depth. The contents and distributioxtaken plac 
of the compounds in the modern Rendzing veloped m 
show that it is a more developed and morgton, Signa 
weathered soil than the paleosols. These la 
= (Table 4) 
Characteristics of Paleosols matter anc 
The Harrington, Signal Hill, and McGall’s slightly ox 
paleosols are Regosols, consisting of uncon- ¢-_- 
solidated rock in which few or i clearly ex- ea 
pressed soil characteristics have developed Sayles _ 
(Thorp and Smith, 1949, p. 120). The type| ratios of 1 
Shore Hills and St. George’s paleosols are terra| and their 
rossas. (Terra rossa is a poorly defined term for| cubic feet 
red soils overlying limestone, but not neces-| cubic foot 
sarily derived from it, Robinson, 1949; p. 423- materials 
427; Kubiena, 1953, p. 214-219.) stone. 
The relative status of the Bermuda soils Sayles 
can be shown by a listing from most developed] 00 hill sl 
and weathered to least: depressional Shore Hills} wash, anc 
(4), St. George’s (6); polygenetic St. George’s/| terial hac 
Shore Hills (3); Shore Hills (1), St. George's} slopes. H 
(2), Shore Hills (2); modern soil (9); Harring] 0" @ flat 
ton (5), Signal Hill (7), McGall’s (8). based his 
Of all the soils studied and analyzed, the} ssumpt 
Shore Hills (profile 4) and St. George's (profile} the type 
6) paleosols that formed in depressions are the} 0" aM ess 
most developed and weathered. They have the} cretion 
greatest clay content and leached subsoil ho-} sl. The 
rizons and probably had low base status (Figs. paleosol 
3, 5). They have high silica and sesquioxide paleosoli 
contents (Table 3). Both soils are not residual } genesis 1 
because they have accretion of extraneous ma | 'S Uppe! 
terial in their sola. Both the Shore Hills and} | A seri 
the St. George’s have had two layers added; of } that a 
genesis ( 
sesquiox 











ery 
ome hy aye 
In. the {ihe two soils, the Shore Hills is more weathered. 
on oxy] The polygenetic St. George’s-Shore Hills 
comme puleosol (profile 3) is next in sequence. This soil 
leachj| formed in the first cycle (Shore Hills) on a level 
© soi, |summit, which became, after accumulation of a 
‘bon an} Pembroke dune, a depression during the St. 
aximuy George’s cycle of weathering. The soil has 
ressiveljsmaller amounts of clay (Fig. 2), silica, and 
bon aqjsesquioxides (Table 3) than do profiles 4 and 6. 
in comin addition to two cycles of weather, this soil 
ill, anjhas an accretionary layer in its upper part. 
atrano, The Shore Hills paleosol (profile 1) and the 
ols as St. George’s-Shore Hills (profile 2) are next in 
a minjthe order and have the least amount of clay 
vely j (Fig. 2), silica, and sesquioxides. 
ment q The modern soil is next in order of weather- 
Iditioning. Very little clay has formed in the profile 
» uppe (Table 4). Organic matter and iron oxide have 
hing accumulated in the upper part of the soil (Fig. 
recip it). A slight amount of carbonate leaching has 
butiostaken place. This soil has weathered and de- 
ndzing veloped more than the Regosols (the Harring- 
| more ton, Signal Hill, and McGall’s paleosols). 
These latter soils have had little clay formed 
(Table 4) and have accumulated little organic 
matter and iron oxide. They are no more than 
Gall’s slightly oxidized raw eolianite. 
i. Significance of Paleosols 
oped Sayles (1931, p. 442-444) computed the 
- type! ratios of insoluble residues in the terra rossas 
: terra| and their parent rock and concluded that 100 
m for| cubic feet of limestone was destroyed to give | 
neces-| cubic foot of soil; he assumed that the insoluble 
-493-| materials in the soil are derived from the lime- 
stone. 
soils. Sayles (1931, p. 443) recognized that soils 
loped| on hill slopes lost much material due to rain 
Hills| wash, and in depressions large amounts of ma- 
ge’s/ terial had been washed in from surrounding 
mrge’s slopes. He concluded that a red soil developed 
ring-] on a flat surface is a strictly residual soil and 
based his calculations on such a soil. This last 
the} assumption is not necessarily true. For example, 
rofile} the type Shore Hills paleosol (profile 4) occurs 
» the} on an essentially flat surface, yet there are two 
> the} accretionary layers in the upper part of this 
ho} sol. The polygenetic St. George’s-Shore Hills 
Pigs. | paleosol (profile 3) occurs on a flat Shore Hills 
xide} Paleosolic surface but has two cycles of pedo- 
dual | genesis in addition to an accretionary layer in 
ma-| its upper part. 
and} Aserious objection to the residue assumption 
|; of | 8 that additions made to a soil during pedo- 
genesis (organic carbon from vegetation growth, 
sesquioxides, clay minerals deposited by wind 
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and water, and phosphate leached from guano, 
profile 4) normally in weak acid digestion will 
remain as insoluble residue. Thus, the ratio of 
soil residue to rock will be distorted. Such 
calculations imply that only subtractions of 
material occur during pedogenesis, that is, 
carbonate is removed and insolubles accumu- 
late. The additions are ignored. 

Because of the complications in the paleosols 
and Sayles’ erroneous assumptions, his weather- 
ing estimates cannot be accepted. (Fairbridge 
and Teichert, 1953, p. 79, previously challenged 
Sayles’ estimates.) The inherent error in Sayles’ 
computation was compounded when he (1931, 
p. 428-429) resorted to time estimates of 
weathering. He estimated that 50,000-60,000 
years were required to reduce 100 feet of rock 
to 1 foot of soil. Average-thickness ratios of 
Shore Hills and St. George’s soils then became 
factors for computation of time. Average for 
Shore Hills time was 200,000 + 50,000 years, 
and for St. George’s 150,000 + 50,000 years. 

The Regosols were estimated at ‘‘a few 
thousand or tens of thousands of years each, 
and post-eolianite time 25,000 years.” 

From these values Sayles (1931, p. 452-456) 
correlated his paleosol times with those of Kay 
(1931) in the midcontinent region of North 
America. Sayles accepted Kay’s values although 
the paleosols of Bermuda were formed in rock 
of almost 100 per cent carbonate whereas the 
glacial drifts of the mid-continent have carbon- 
ate contents of 10-20 per cent. (See Flint, 
1949, p. 297-303, for review of leaching of 
carbonate as basis for age correlation.) 

Sayles (1931, p. 397-404) selected St. 
George’s parish as the type area of the fossil 
soils of Bermuda. Other areas would have been 
preferable. Despite his statement that ‘‘Four 
of the five soils are exposed in such relations 
as to preclude any possible doubt that each soil 
represents a distinct and separate horizon,” the 
stratigraphic relationships of the limestones and 
buried soils are not easily determined or proved. 
Bretz (1960, p. 1738-39) with Lowenstam and 
later Ruhe could not trace the horizons with 
any degree of certainty. 

The best section in Bermuda is at McGall’s 
Bay, but Sayles (1931, p. 406-408) did not 
discuss it in any detail. In one sea cliff at 
McGall’s Bay all of the paleosols are exposed 
(Pl. 1, fig. 7). The best part of the section is at 
the southwest end of the cliff. Here the Shore 
Hills paleosol occurs on the top of the marine 
bench about 5 feet above tide. Most of the clay 
of the soil has been removed by wave activity, 
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but many solution pipes with heavy red clay 
fillings remain. The soil is on hard crystalline 
limestone. 

Several feet of indurated bedded sand over- 
lies the Shore Hills paleosol. A zone 19 inches 
thick in the uppermost part is of very pale- 
brown (LOYR 8/3) sand that is massive but 
with single grain structure and friable. This 
zone is the Harrington paleosol and is no more 
than a weakly oxidized profile. It is, however, 
a regosolic soil and must be recognized as a 
stratigraphic break. 

Ten feet of cross-bedded eolianite overlie the 
Harrington paleosol. The St. George’s soil is 
well-developed in the uppermost part of the 
eolianite. The upper 4 inches are yellowish-red 
(SYR 5/6) sand that is massive but with single 
grain structure and friable. This is the Ap hori- 
zon of the paleosol. A subjacent horizon 6 inches 
thick is reddish-brown (SYR 4/4) loam with 
weak, fine subangular blocky structure and 
with weak clay coatings on the soil peds. The 
horizon is firm and is the By. The next sub- 
jacent 10 inches is reddish-brown (10YR 4/4) 
clay loam with moderate fine subangular blocky 
structure and strong, abundant clay coatings 
on the soil peds. This horizon is firm and is the 
Bop. A soil base occurs beneath the Bo, horizon 
in the top of the subjacent eolianite. 

Overlying the St. George’s paleosol is an 
eolianite 5-514 feet thick. A zone 15 inches 
thick in the uppermost part of the eolianite 
is reddish-yellow (SYR 6/6) sand, massive but 
with single grain structure and friable. This 
zone is the Signal Hill paleosol. The soil has 
redder hue and stronger chroma than any of the 
so-called accretionary soils of Bermuda, which 
suggests more intensive oxidation. The reddish- 
yellow Signal Hill paleosol certainly is oxidized 
more than the lower lying very pale-brown 
Harrington. There is no morphological devel- 
opment other than coloration in the Signal Hill 
soil but this regosolic soil represents a strati- 
graphic break in the section. 

The Signal Hill paleosol is overlain by 10-15 
feet of white, cross-bedded eolianite. In the 
uppermost part of the eolianite is a zone 29 
inches thick of very pale-brown (10YR 8/3) 


sand that is massive but with single grain 
structure and friable. This is the McGall’s 
paleosol (type of Sayles) but is no more thang 
weakly oxidized profile in raw eolianite sand 
(Pl. 1, fig. 5). It is, however, a regosolic soil and 
a recognizable stratigraphic break. The color of 
the McGall’s soil is the same as that of the 
Harrington. The zone of coloration is thicker 
than in the Harrington, suggesting deeper oxj- 
dation. The soil is less oxidized than the Signal 
Hill soil lower in the section. The McGall’s soil 
is overlain by 10 feet of white, cross-bedded 
eolianite that dips west. 

The limestones and paleosols of the McGall’s 
Bay section apparently substantiate Sayles 
stratigraphic column of Bermuda. From the 
base upward are Belmont limestone, Shore Hills 
soil, Devonshire sand, Harrington soil, Pem- 
broke eolianite, St. George’s soil, Warwick 
eolianite, Signal Hill soil, Somerset eolianite, 
McGall’s soil, Southampton eolianite, and 
modern soil. 

Island-wise correlation of the fossil soils, 
however, is another question. Internal charac- 
teristics of the soils cannot be used for identifi- 
cation and correlation. In the moderately to 
well-developed paleosols (Shore Hills and $¢. 
George’s), variability of characteristics prevent 
identification of a soil as one or the other. The 
same conclusion can be drawn for the weakly 
developed paleosols (Harrington, Signal Hill, 
and McGall’s). For example, one exposed 
paleosol with either a moderately or well- 
developed soil with textural B horizon, ora 
weakly developed soil lacking horizonation 
could not be identified as Shore Hills or St. 
George’s in the first case, or Harrington, Signal 
Hill, or McGall’s in the second. Only where 
stratigraphic superposition is evident or where 
direct tracing is possible can correlations be 
made with any degree of certainty. 

However, the Shore Hills and St. George's 
paleosols represent major stratigraphic breaks 
in the Bermuda section. The Harrington, Signal 
Hill, and McGall’s paleosols represent more 
minor breaks, or the latter two possibly only 
local pauses in accretion during accumulation 
of the later Bermuda dunes. 
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Structural Geology of the Beartooth Mountains, 


Montana and Wyoming 


Abstract: The Beartooth Mountains—an 80 by 40 
mile elevated crustal block of Precambrian crystal- 
line rocks—are in the Middle Rocky Mountains 
east of the great north-south belt of overthrusts. 
The Beartooth Mountains are bounded on the east 
by .o2 Bighorn Basin (average structural relief, 
15,09 feet); on the northeast and north by the 
Nye-Bowler lineament (along which movement has 
been dominantly left-lateral); and on the north by 
the Crazy Mountain syncline (average structural 
relief of at least 10,000 feet). The southwest side 
(Yellowstone-Absaroka Mountains) is mostly cov- 
ered by thick Tertiary volcanic rocks. 

Lietailed mapping, supplemented by results of 
arlier workers, provides an integrated geologic pic- 
ture of the tectonic development of the block. 
Much of the tectonic history is recorded in the 
structures developed in the Paleozoic and Mesozoic 
sedimentary rocks exposed around the edge of the 
mountains. The sedimentary rocks played a rela- 
tively passive role in the dynamic rise of the block 
during Laramide time, as they draped, folded, 
broke, and slid along the edge of the block. 

A thrust plane(s) dipping west-southwest is the 
major structural feature between the Clarks Fork 
of the Yellowstone and Nye, Montana. Near Red 
Lodge numerous tear faults displace the upper plate 
of the thrust as much as 10,000 feet. From Nye to 
Livingston, Montana, the major bounding structure 
is a north-northeast-dipping thrust plane(s) ter- 
minating in several left-lateral tear faults. Near 
Gardiner a high-angle thrust plane dipping north- 
east bounds part of the southwest Beartooth. 


Several structural mechanisms apparently oper- 
ated during deformation: (1) Uplifting, tilting, and 
depressing of large crustal blocks. These commonly 
form ramps from the Beartooth massif to adjacent 
basins; during uplift smaller blocks were rotated in 
the opposite sense. (2) Vertical raising of the north- 
west and southeast corners. Here, the general lack 
of horizontal displacement relative to the adjacent 
basins limits the total horizontal displacement of 
the block. (3) Thrust faulting. Most of the frontal 
thrusts show moderate dips. Imbrication is de- 
veloped particularly at the unconfined northeast 
corner. The major thrust steepens with structural 
depth to the south. The horizontal thrust displace- 
ment is not directly measurable at most places but 
is limited by the lack of horizontal movement at the 
two fixed corners of the block. (4) Tear faulting. 
Several major tear faults (displacements up to 
10,000 feet) bound large keystone-shaped blocks 
near Red Lodge. (5) Lateral shearing. During the 
late stage of uplift, horizontal movement toward 
the unconfined Red Lodge corner created major 
lateral shears, associated with imbrication, along the 
north and east sides, with folding along vertical axes 
and consequent shortening of the sedimentary sec- 
tion. 

Tectonic development is attributed to (1) hori- 
zontal compressive forces, responsible for early 
crustal block movements and subcrustal plastic 
shifting, and (2) vertical forces of fluid pressures 
from the continued transfer of subcrustal material 
which probably helped raise the block. Uplift ceased 


when one or both of these forces terminated. 
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INTRODUCTION 


General Setting 


The Beartooth Mountains are in south-cen- 
tral Montana and northwestern Wyoming; the 
center of the range is northeast of Yellowstone 
National Park (Fig. 1). The Beartooth Moun- 
tains constitute a topographic and structural 
block! of the earth’s crust about 80 miles long 
and 35-40 miles wide, trending northwest. Liv- 
ingston, Gardiner, and Red Lodge, Montana, 
are, respectively, at the northwest, southwest, 
and northeast corners of the roughly rectangular 
uplift (Fig. 2). A sharp corner at the mouth of 
the Clarks Fork Canyon of the Yellowstone 
River in Wyoming marks a partial southeastern 
terminus, although possibly the true south- 
eastern corner is near Cody, Wyoming (PI. 1). 

The name Absaroka Mountains has been used 
to denote a large part of the Beartooth block as 
defined above. The authors think this unsuit- 
able in terms of the geology of the region. In 
this paper the name Absaroka refers only to the 
widespread eroded igneous, volcanic, and sedi- 
mentary rocks, most of them horizontal, that 
cover a part of the southern part of the Bear- 
tooth uplift, and that extend southward to 


1 In this paper ‘‘mountains” has a geographic or topo- 
graphic meaning; ‘‘block”’ connotes a well-defined struc- 
tural unit of the crust; and ‘‘massif’” connotes an up- 
lifted mass of the crust including basement rocks. 


cover the Washakie Range and the western par 
of the Owl Creek uplift. The authors consider 
the name Snowy Range, which some authon 
have applied to the northwestern part of the 
Beartooth Mountains near Livingston, a con 
fusing and unnecessary complication and ignor 
its connotation as a separate mountain mas. 

Topographically, the Beartooth Mountains 
rise abruptly 4000-5000 feet from the Grea 
Plains along the east and northeast. The 12,000- 
foot crest of the range lies close to this frontal 
edge. Two surfaces, the lower one extensive and 
well developed, slope gently southwestward 
from the crest to a place where they are buried 
by the water-laid vdlcanic rocks of the rugged 
Absaroka Mountains and Yellowstone Plateau. 
Thus the true southwestern boundary of the 
Beartooth massif is covered. 

The broad alluvium-filled valley of the Ye: 
lowstonc River along the western border of the 
Beartooth Mountains from Gardiner to Living 
ston is about 5000 feet below the Beartooth 
Mountains. The Yellowstone is the master 
stream of the region, and into it flow a series 0! 
youthful streams that drain the Beartooth 
Mountains along the northeast, including from 
west to east Mission, West Boulder, Mai 
Boulder, East Boulder, Stillwater, Fishtal. 
West and East Rosebud, and Rock creeks (P 
1). The Clarks Fork of the Yellowstone Rive 
flows southeast from near Cooke City, Mor 
tana, to its canyon mouth about 25 miles north 
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INTRODUCTION 


west of Cody, Wyoming (Pl. 2, fig. 1), gen- 
erally dividing the volcanic rocks on the south 
from the Precambrian crystalline rocks of the 
Beartooth Mountains on the north. After its 
exit from the mountains, the Clarks Fork flows 
northeastward in the Bighorn Basin toward its 
junction with the Yellowstone River. 


Investigations in the Beartooth Region 


During the summer of 1950 the senior author 


investigated some of the broad structural rela- 
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as well as careful field checking in areas that 
John S. Vhay (1934, Ph.D. thesis, Princeton 
Univ.) and Richards (1957) had studied. Fur- 
ther studies around the perimeter of the massif 
by Foose and Wise have taken short periods of 
the 1957 and 1958 field seasons. 


Objectives and Scope 


The primary objectives of this investigation 
have been to: 
(1) Map the structural relationships along a 
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Figure 1. Location of the Beartooth block 


tionships of the Beartooth Mountains with sur- 
rounding areas. Stimulated by Prof. W. T. 
Thom, Jr., of Princeton University, he became 
interested in studying the structural geology 
around the perimeter of the Beartooth massif in 
an attempt to determine the time and nature of 
deformation of the entire block with relation to 
adjacent areas. 

During 1954 the senior author designated, 
from reconnaissance studies, three critical areas 
for detailed study, and initial mapping was be- 
gun. These areas encompassed all the mountain 
front between the Clarks Fork Canyon, Wyo- 
ming, to West Fishtail Creek near Nye, Mon- 
tana, and between the East Boulder and 
Boulder rivers southeast of Livingston, Mon- 
tana. During 1955 and 1956 the three authors 
completed detailed mapping in the chosen areas 


major part of the east and northeast sides of the 
Beartooth Mountains. 

(2) Incorporate with the present studies the 
best and most recent mapping of others in ad- 
jacent areas and to compile a geologic map of 
the structural relationships around the perim- 
eter of the Beartooth block, as well as a portion 
of the Precambrian core. 

(3) Relate the structural patterns of the 
Beartooth mountain front to adjacent struc- 
tural units. 

(4) Determine the chronology of geologic 
events particularly as they pertain to the Bear- 
tooth Mountains. 

(5) Interpret the nature of deformation of 
the Beartooth block by relating the facts to each 
other and separating these insofar as possible 
from speculations. 
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Prior Work 


Since the organization of the Yellowstone- 
Bighorn Research Association in 1930, many 
individuals and teams have attacked the prob- 
lems of Laramide oregeny in the Middle Rocky 
Mountains (PI. 1, index). 

Among those who have contributed geologic 
details along the perimeter of the Beartooth 
block and of adjacent areas are Hughes (1933; 
1932, Ph.D. thesis, Johns Hopkins Univ.), 
Cloos and Cloos (1934), Wilson (1934), J. S. 
Vhay (1934, Ph.D. thesis, Princeton Univ.), 
Dorf (1934), Perry (1935), Lammers (1937), 
Rouse e¢ al. (1937), D. C. Skeels (1939, Ph.D. 
thesis, Princeton Univ.), Peoples and Howland 
(1940), Howland, Garrels, and Jones (1949), 
Howland (1955), Richards (1957), C. W. Brown 
(1957, Ph.D. thesis, Princeton Univ.), Pierce 
(1957), and Hess (1960). 

Details within the crystalline core of the 
Beartooth massif have been provided by the 
works of Iddings and Weed (1894), Hague 
(1899), Lovering (1929), J. T. Wilson (1936, 
Ph.D. thesis, Princeton Univ.), Parsons (1939; 
1958), Eckelmann and Poldervaart (1957), 
Poldervaart and Bentley (1958), Spencer 
(1959), and Harris (1959). Robert Butler, 
Clarence Casella, Martin Prinz, Martin Kirch- 
mayer, and Leonard Larsen and Arie Polder- 
vaart are preparing papers on the crystalline 
rocks of the Beartooth Mountains. 

Published and unpublished maps and data of 
the workers named have contributed much 
knowledge concerning structural detail in spe- 
cific areas of the Beartooth Mountains, as well 
as general information concerning Laramide 
deformation of the Beartooth massif with re- 
spect to adjacent areas. 
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STRATIGRAPHY 


Precambrian crystalline rocks constitute the 


basement complex of the Beartooth Mountains. | 


They include granitic gneisses, amphibolites, 
minor quartzites, iron formation, mafic dikes, 
and other irregular masses of mafic and ultra 
mafic rocks. Eckelmann and Poldervaart (1957) 
and Harris (1959) describe these rock types in 


detail and interpret them as a thoroughly 


granitized mass of metasedimentary rocks, 
Lower-rank Precambrian metasedimentary 
rocks of Beltian type and age have not been 
found in the Beartooth Mountains. Along part 
of the northern border of the Beartooth Moun- 
tains, the Stillwater complex constitutes the 
basement. This complex is the tilted remnant 
of a differentiated Precambrian lopolith (Hes, 
1960) now exposed through a 17,000-foot thick- 
ness and a 30-mile length along the mountain 
front. 

Cambrian and younger sediments were de- 
posited upon the crystalline basement complex. 
Table 1 shows the stratigraphy of these. 

The older sedimentary rocks are mainly ma 
rine; the Upper Cretaceous sedimentary rocks 
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re dominantly continental. The Paleozoic the mountain front. Structurally less competent 
ocks total about 3000 feet in thickness. Silu- units are the Cambrian Gros Ventre and Grove 
‘an rocks are missing. Rocks of all other Paleo- Creek shales, the Devonian Threeforks shale, 
ic periods are well exposed along the moun- and the Mississippian-Pennsylvanian Amsden 
ain front. The Paleozoic rocks are dominantly _ formation. 

rbonates, the Mississippian Madison lime- The Mesozoic systems total about 7000 feet 
tone and the Ordovician Bighorn dolomite of dominantly fine-grained clastic materials. 
ing the most easily recognizable units along These rocks, although uplifted along with the 


Taste 1. STRATIGRAPHIC CoLumN, NortH AND East BorbDeRs OF THE Beartootu Uptiirr, MONTANA 









































| ] | 
| | PE pe | THICKNESS 
AGE | FORMATION LITHOLOGY (Feet) 
EE: 1 rai RRR ES 
i | North | East | MCLeod Area (North) Deep Lake Area (East) North | East 
1 ——E———E— —_—— — 4 — — —— ——_—_—_—_4_—______— 
a 
| | Terrace gravels, floodplain osit 
j cwaternory _ at Terrace gravels, floodplain deposits, glacial deposits — ee i Vel 
Red to tan massive arkoses and conglomerates 
| Eocene Absent containing cobbles of sedimentary and Pre- 2500+ 
i cambrian rocks = } ( Terese 
| Paleocene Not mapped v Not mapped 
| tnt! Livmeston | ; = eee ; ae a 
2? —?— 2 Livingston d | Volcanic breccias, volcanic-rich sandstones Gray to buff bentonitic siltstones and impure 3500+ 2300- 
Eagle v Light-gray massive sandstone, gray shale, istones with local thin beds of pebble 750 |2700 
4 thin coal beds _______} conglomerate eee ES 
Telegraph e Light-gray thin-bedded sandstone, interbedded is 
Creek d with dark-gray shale 370 
| Cody Biack shale en thin coenecus ce ere 1300 1625 
Cretaceous and thin platy sandstones scattered *hroughout a 
Frontier Gray massive to thin - bedded sandstone, dork-groy shale, volcanic -rich (west), 630 300 
thin beds of chert-pebble conglomerate 
Thermopolis and Mowry Dark-gray shale with thin bentonites, thin gray picty sandstones 975 165 








| Chert-pebble conglomerate (west) or pebbly cross - bedded sandstone (east) at base, 
Kootenai | Cloverly 9 ; Ladue 450 | 620 
red claystone in middie, gray sancstone at top 





| Sees oe 





























Morrison Pink and gray shales and cicystones, light-gray sandstone. 360 160 
2 Greenish-gray, highly calcareous 
Swift glauconitic sandstone 95 
H rassic SS ee aes = aa _ ve = pea | Pink and tan siltstone and limestone at base, 
vu an and gray calcareous shale, p 6 6 
tan siltstone and shaie in middle, ° 10 
Rierdon Sundance thin odlite bed ot bese é, i i 
aeeeneiaee tan calcareous sandstone at top. ee | 
a Pink claystone, gray calcareous shale 350 
_ and platy limestone seg 
Ee RTE) See eee ea ne er Set 
Triassic Chugwater Bright-red sandstone, siltstone, and shale 0-110 780 
Permian Phosphoria Gray vuggy limestone and dolomite, light-gray, very calcareous sandstone 10-40 | 40 
i _ 
T T 
| Pennsylvanian Quadrant | Tensleep Light-gray to tan massive sandstone, locally cross- bedded 40-100 | 280 
Pee Amsden Red shale and siltstone, gray dolomite, gray cherty sandstone and limestone. 80-135 | 80 


i 





| ea bedded to massive, light-gray to tan, 
| Mississippian Madison coarsely crystalline to aphanitic limestone, 1000 780 
locally dolomitic, cherty in zones 








2 . = eee 
Threeforks Brown platy dolomite and gray-green shale.  ~ ght-gray to yellow limestone and dolomite, | 79_i99 




















i 125 
thick calcareous sandstone at base | 
| Devonian Jefferson Gray to brown limestone and dolomite, breccias in zones, some fine-grained sandy beds. cont | 240 
} Yi Beartooth Abaéad | Local tens of deep-red, medium- bedded, 2 55 
(Yt{YYYY ‘ tt slightly culcareous sandstone. did 
a eh eee ae eee Le ees E ae ee sail ae Sah 4 | eee 
Pate Massive, tan, rough- weathering dolomite and dolomitic limestone, 100- | 
| Bighorn ee 310 
Ordovician | g thin-bedded brittle dolomite at top. | 40 | 
Pd $$ ——_j__—__}+—__—_ 
} Grove Creek 
an Limestone flat-pebble conglomerate, aphanitic gray limestone, dark-gray shale. 320 420 
Snowy Range | 
Rv Ee eee pe Sray 10 brown odlitic and coarsely crystalline limestone, 
hauclee Gray to brown odlitic and c y cry ine li 125 | 90 


A. AZ ‘ nterbedded dark-gray shale, | 
Cambrian Pork tan platy sandstone and siltstone, platy aphanitic limestone, | 485 580 
and local thin beds of limestone flat-pebbie conglomerate. | 



































Meagher Light-gray, wavy- bedded limestone, some interbedded green shale. | 100 55 
Wolsey _ PRES RRs pe e= Dark-gray shale, some platy limestone and siltstone. | 40+ | 210 
SEE GAN ea SRE re a aS Oo re SE SRI ALI T RE AO apenas See eee: a) See 
| 
Sean | Flathead A) rey white, medium - grained dst locally g! sites } =e | arial 
oO agate aruiamanaid to gray amphibolite and schist, | 
Precambrian | | granitic gneiss intruded by basic rocks Granitic gneiss, amphibolite and mafic dikes. 





| ! 
| | of the Stillwater igneous complex. | | 
| | 
1 L | | 


























1148 


Paleozoic rocks at the mountain fronts, are gen- 
erally poorly exposed and in large part are cov- 
ered by debris from the mountains. 

The Paleocene Fort Union formation was de- 
posited in the early stages of basin formation. It 
consists of sandstones, siltstones, shales, and 
coal. Near Red Lodge, Montana, this formation 
is about 7600 feet thick. Overlying it are the 
formations of the early Eocene Wasatch group, 
locally unconformable and locally containing 
basement cobbles from the eroded mountains. 
Uplift and warping of these basin sediments 
along the mountain front continued through at 
least part of Wasatch time. 

A number of facies changes occur in the Bear- 
tooth Mountains (Table 1). Only the most ob- 
vious of these are mentioned. The Beartooth 
Butte formation, laid down as a channel deposit 
near the shore of the Devonian sea, is found 
only in the southeast part of the Beartooth 
Mountains (Dorf, 1934; Pierce, 1957). The 
Triassic Chugwater formation thins and disap- 
pears westward along the range. The thick vol- 
canic rocks of the Livingston formation along 
the northwest flanks of the Beartooth Moun- 
tains result from volcanic activity which began 
in Judith River (Cretaceous) time. These grade 
laterally eastward into recognized sedimentary 
units ranging in age from Judith River to Bear- 
paw. 

From the point of view of the structural de- 
velopment of the massif, the most significant 
points are: 

(1) Approximately 2 miles of Paleozoic and 
Mesozoic sedimentary rocks covered the base- 
ment complex at the beginning of gentle re- 
gional folding and block uplift. 

(2) Several carbonate formations of the mid- 
dle and upper Paleozoic section are the most 
massive and most difficultly deformed of the 
sedimentary rocks; separating these carbonate 
formations from the basement is about 1000 feet 
of shale-rich Cambrian sedimentary rocks which 
acted as lubricants in deformation and absorbed 
many of the faults coming out of basement. 

(3) Evidence indicates that mild deforma- 
tion had begun by late Cretaceous times; basin 
formation had begun in Paleocene time; and 
major uplift of the block was in full force by 
early Eocene time. 


TECTONIC SETTING 


General Statement 


The Beartooth Mountains are in the Middle 
Rocky Mountains, east of the frontal edge of 
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the great belt of overthrusting that extend is the pt 
roughly north-south from northwestern Mnf axis betv 
tana along the eastern border of Idaho inp axis strik 
north-central Utah (Fig. 1). Many workers haya tain fron 
described the structural features of the over up with 
thrust zone: Eardley (1951) gives a good sumf zone that 
mary. The seco! 

Uplifts and basins in juxtaposition generalh Andrews, 
characterize the topographic and structural pf eastern si 
lationships of the Middle Rocky Mountaj 
This region is on the Wyoming shelf, whidf . 
existed as a broad and stable structural platfo # 
with relatively shallow marine inundatj A 
throughout Paleozoic and Mesozoic time unt 
late Jurassic or early Cretaceous time whe 
more rapid subsidence of the shelf and extensiy 
marine flooding occurred. 

The Beartooth is one of the largest mountaid 
masses in the Middle Rocky Mountain region 
It exhibits structural features both within ix 
core and along its perimeter that are typical of 
other uplifts in the region (Bucher, Chambe: 
lin, and Thom, 1934). 


Tectonic Pattern of Bounding Areas 


Bighorn Basin. Reference should be made: 
the tectonic map of the region (Fig. 2) in con 
sidering the Bighorn Basin and the other struc 
tural units. 

The Bighorn Basin bounds the Beartoo 
Mountains on the east and possibly for a sho ¢ 
distance along the northeast. The basin is a 
most completely surrounded by uplifted moun 
tain masses, including the Owl Creek-Bridge 
massif along the southwest, south, and southes 
borders and the Bighorn and Pryor-mountai 
along the eastern border. Only at the nort 
does the basin have no bounding mountal 
mass. Here the Nye-Bowler zone provides 
structural boundary along which the Precan 
brian basement has moved both horizont 
and vertically. 

The Precambrian crystalline rocks floom 
the basin are covered by as much as 20,000 ie 
of Paleozoic, Mesozoic, and lower Cenom 
sedimentary rocks and sediments along the bas 
axis. Andrews, Pierce, and Eargle (1947) dm 
the axis of the basin as a sinuous line beginnit 
in the southern part of the basin with a norl 
west trend, then changing to north, to not 
west, and again to north close to and alongt 
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extend is the prominent northwest alignment of the frontal edge of the Beartooth block at Red 
1 axis between Cody and Powell, Wyoming; the Lodge, Montana. 
ho intl axis strikes directly into the Beartooth Moun- Axes of many smaller folds around the margin 
srshayfl tain front at the Clarks Fork Canyon and lines of the Bighorn Basin also trend northwest. 
© over up with the prominent Cooke City structural Along the west side of the basin at the mouths 
xd sumf zone that crosses the entire Beartooth massif. of the Clarks Fork Canyon and Bennett Creek 
The second is that the basin axis as drawn by _ two such folds have been truncated by the 
neralifl Andrews, Pierce, and Eargle (1947) along the bounding fault during uplift of the Beartooth 
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Alpha and Fanshawe (1954) postulated a 
narrow extension of the Bighorn Basin to the 
northwest around the corner of the Beartooth 
Mountains at Red Lodge. The northern bound- 
ary of this narrow prong is the Nye-Bowler 
structural zone. 

Nye-Bowler zone. A group of asymmetric 
domes and anticlines are almost perfectly 
aligned about N. 75° W. for nearly 60 miles 
from the middle of the Pryor Mountains on the 
east, across the north end of the Bighorn Basin, 
and along the front of the Beartooth Mountains 
through the towns of Luther, Roscoe, Dean, 
and Nye, Montana (Fig. 2). Two fault systems, 
one parallel to the main zone and one en échelon 
with N. 50° E. strikes, are associated with the 
folds. Porphyry laccoliths are concentrated in 
Paleozoic rocks near the west end of the zone 
along the Beartooth Mountain front. J. T. Wil- 
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son (1936, Ph.D. thesis, Princeton Univ.) 
thought that the structural features associated 
with this prominent zone are surface expressions 
of deep-seated movement of basement blocks 
along a vertical fault parallel to the zone in 
which the relative movement of the south 
block was down and to the east. Actually, the 
sense of movement of the rocks along this zone 
changes from place to place. A left-lateral strike- 
slip component of movement exists throughout 
most of the zone In the vicinity of Red Lodge 
the south side is down, whereas near Dry Creek 
and at the eastern end of the zone near the 
Pryor Mountains the north side isdown Move- 
ment took place along the zone from late 
Cretaceous through Paleocene time as evi- 
denced by thickening of the sedimentary rocks 
south of the zone in the vicinity of Red Lodge, 

J. T. Wilson (1936, Ph.D. thesis, Princeton 
Univ.) has theorized that the Nye-Bowler zone 
extends westward along the Mill Creek-Still- 
water structural zone, dividing the northwest 
part of the Beartooth Mountains into a separate 
structural block. Two other possibilities exist: 
first, the Nye-Bowler zone may terminate 
against the northwest-trending frontal edge of 
the Beartooth Mountains in the vicinity of 
Nye; second, the zone may extend to the north- 
west, parallel to and incorporated with the 
frontal structure of the Beartooth massif. For 
instance, the prominent East Boulder fault has 
essentially the same trend and comes within 10 
miles of direct connection with faults that are a 
part of the Nye-Bowler zone. 

The Nye-Bowler zone separates the northern 
part of the Bighorn Basin from the Crazy 
Mountain basin. 

Crazy Mountain basin. Bounding the Bear- 
tooth Mountains on the north, and west of the 
termination of the Nye-Bowler zone, is the 
Crazy Mountain syncline, a northwest-trend- 
ing structural basin which Thom (1923) con- 
sidered to have been depressed by the transfer 
of material from beneath the crust to the sur- 
face as volcanic material. Unlike the boundary 
of the Beartooth Mountains with the Bighorn 
Basin, where there is sheer structural relief of 
between 15,000 and 20,000 feet, the structural 
relief between the Beartooth Mountains and 
the Crazy Mountain Basin is between 10,000 
and 15,000 feet over a distance of 8 to 10 miles. 
The sedimentary rocks constituting the south- 
west flank of the syncline rise out of the basin 
and become a part of the steep, partly faulted 
flanks of the uplifted Beartooth massif. 

Absaroka- Yellowstone volcanic area. 


Bound- 
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ing the Beartooth Mountains along almost qj 
of the southwest side are thick Tertiary yg. 
canic rocks consisting primarily of breccias, cop. 
glomerates, tuffs, and flows. These obscure th 
edge of the Beartooth Mountain block and jx 
structural detail (Fig. 2; Pl. 1). 

A series of volcanic vents with associated 
radial dikes occurs along the Cooke City struc. 
tural zone which constitutes a northwest-trend. 
ing medial line through the entire Beartooth 
block. Possibly the vents and associated yq- 
canic rocks are genetically related to and stru. 
turally controlled by this zone. 

Johnson (1934) speculated on the possible 
connection of the Gardiner fault, near Gard. 
iner, Montana, with the Rattlesnake Mountain 
fault, near Cody, Wyoming (See Fig. 2), along 
a continuous structural zone under the volcanic 
rocks that would bound the southwest side of 
the Beartooth block. The writers agree with 
this speculation, but it is as yet unproved be 
cause of total lack of knowledge regarding 
geologic details beneath the volcanic cover, 


Geophysical Setting 


The available geophysical data on the Bea 
tooth region include fragmentary seismic data 
and data from a reconnaissance net of gravity 
stations. The only published seismic dat 
(Buwalda and Gutenberg, 1935) are from thre 
reflection stations on the mountain side of the 
frontal Beartooth fault zone near Red Lodge, 
Montana. Results were not definitive, but a 
suggested interpretation was that a surface dips 
toward the mountains at about 30°. Ewing and 
Press (1959) have obtained surface-wave data: 
they indicate depths to the M-discontinuity 0 
about 47 km in the region of the Middle Rocky 
Mountains. 

Woollard (1936; 1937; 1955) states that the 
Middle Rocky Mountains, including the Bear 
tooth Mountains, are gravity highs superim 
posed on a widespread negative gravity art. 
William Bonini of Princeton University is cur 
rently carrying on detailed gravity investig’ 








tions in the region. A preliminary map oft 
gravity data exhibited in November 1959s 
a sharp gravity gradient approximately pa 
to and along the Nye-Bowler lineament 
near Nye to the Pryor Mountains. One inter 
pretation of these data is that there are funde 
mental differences in the lithology and struc 
ture of the deep basement adjacent to this zone 
The north flank of the Beartooth block mj 
have been partially defined by these differe 
Woollard suggests that the region as a W 





approache 
complexit 
brium. He 
have a pe 
mately 80 
a negative 
anomalies 


.7) ‘ 
a a> 
8 


VERTIC 


WYOMING 
a, 
ie 





dicating t 
shallow cr 
The 11( 
plained in 
crust. Fir: 
beneath t 
than that 
the positic 
mountain 
ing the de 
surface. P 
Beartooth 
either one 
tions. Hoy 
well as vo 
tain mass 
rise of the 
the moun: 
In spite 
100 mgals 
ing the m; 


to be stab 


Nost aij 
ry Vol 





y arta 
is cur 





estign 


's 


inter 
fund: 
struc 
S 201 
k mal 





TECTONIC SETTING 1151 


approaches equilibrium but areas of structural 
complexity show departures from that equili- 
brium. He finds that the Beartooth Mountains 
have a positive gravity anomaly of approxi- 
mately 80 mgals, whereas the Bighorn Basin has 
a negative anomaly of about 30 mgals. The 
anomalies are characterized by sharp breaks, in- 


activity occurs along these zones, nor are the 
late Tertiary and Quaternary surficial deposits 
in these zones disturbed. Therefore, the writers 
regard the present crustal structure of the Bear- 
tooth region as a reasonably stable configura- 
tion with regard to the strength of the earth’s 
crust, 
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Figure 3. Structural interpretation of the Beartooth block 


dicating that at least part of their cause is at 
shallow crustal depths. 

The 110-mgal gravity difference may be ex- 
plained in two ways in terms of the earth’s 
crust. First, the crustal material immediately 
beneath the Beartooth block may be denser 
than that beneath the adjacent basins. Second, 
the position of the M-discontinuity under the 
mountain ranges may be higher, thereby bring- 
ing the denser, sub-Moho material closer to the 
surface. Present gravity conditions around the 
Beartooth Mountains are compatible with 
either one or a combination of the two situa- 
tions, However, to explain the gravity data as 
well as volume differences created by a moun- 
tain mass lifted 3-4 miles, one must postulate a 
tise of the denser, sub-Moho material beneath 
the mountain blocks. 

In spite of the gravity differences of about 
100 mgals, the frontal disturbed zones separat- 
ing the massifs from the adjacent basins appear 
to be stable at present. No pronounced seismic 
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General Summary 


The Beartooth Meuntains constitute a mas- 
sive uplifted crustal block of metamorphosed 
and granitized Precambrian sedimentary rocks 
(Eckelmann and Poldervaart, 1957). The core 
of the massif consists of foliated crystalline rocks 
transected by several major structural zones 
and many lesser fractures that divide the block 
into a few large and many smaller units (Fig. 3; 
Pl. 1). 

The block is topographically and structurally 
highest along the east and northeast edges. The 
surface developed upon the exposed crystalline 
rocks slopes gently southwest toward the Cooke 
City structural zone where elevations at Pre- 
cambrian-Cambrian contacts reveal a flattening 
of the slope. Younger unmetamorphosed Paleo- 
zoic and Mesozoic sedimentary rocks are faulted 
and draped over the steep eastern edge and a 
part of the northeastern edge, making a striking 








1152 FOOSE ET AL.—BEARTOOTH MOUNTAINS, MONTANA AND WYOMING 


array of vertical and steeply dipping rocks ex- 
pressed as hogbacks and palisades. 

Erosional remnants of lower Paleozoic sedi- 
mentary rocks, particularly Cambrian, are pre- 
served on top of the Precambrian rocks of the 
massif (Poldervaart and Bentley map, 1958); 
they dip southwest, as does the crystalline rock 
surface. Along the axis of the Cooke City struc- 
tural zone the sedimentary patches are more 
extensive (Lovering, 1929). 

Along much of the east and north edge of the 
mountains both Precambrian crystalline rocks 
and sedimentary rocks overlie younger sedi- 
mentary rocks along one or more thrust planes 
with visible dip toward the mountains ranging 
between 30° and 90°. The draped rocks are 
steeply tilted or overturned. Numerous tear 
faults with displacements of up to 10,000 feet 
break the upper plate of the thrust to dislocate 
the mountain front. Along the steep east and 
north sides the structural relief measured on 
the Precambrian crystalline rocks is in the 
order of 10,000-20,000 feet. The attitude of the 
frontal thrusts at depth is speculative. 

Much of the west side of the Beartooth massif 
is bounded by the Deep Creek fault which 
separates the high mountain mass from the 
broad alluvium-filled valley of the Yellowstone 
River. Displacement along this fault decreases 
southward toward Gardiner. 

In the vicinity of Gardiner there is a reverse 
fault along which the massif has moved upward, 
developing a structural relief of at least 12,000 
feet (Wilson, 1934). Only at this, the southwest 
part of the Beartooth Mountains, is there no 
true block corner. Here the Beartooth and 
Gallatin ranges are joined together without any 
structural separation. Tertiary volcanic rocks 
mask further delineation of the southwestern 
boundary of the mountain block toward the 
southeast. 


Major Relationships of Basement Structure 


Precambrian crystalline rocks. There is a 
great disparity of knowledge concerning Lara- 
mide and Precambrian structures of the Middle 
Rocky Mountains. In general, geologic mappers 
have ‘‘lumped” the Precambrian rocks under 
the term ‘‘undifferentiated basement complex.” 
Notable exceptions are Lovering and Goddard 
(1950) in the Front Range, Noble (1950) in the 
Black Hills, and recent and current workers on 
the structure and petrogenesis of the core of the 
Beartooth Mountains, most of whom are part 
of a large research group from Columbia Uni- 
versity directed by A. Poldervaart. The present 


authors have limited their structural work oq 
Precambrian rocks to the area near the Clark 
Fork Canyon at the southeast end of the Bey. 
tooth Range. 

The Precambrian core of the eastern and 
southern Beartooth Mountains consists of , 
series of south- or southwest-plunging fold 
(Pl. 1) in ancient metasedimentary rocks 
(Poldervaart and Bentley, 1958; Wise, 1957, 
Ph.D. thesis, Princeton Univ.; 1958) with 
granitic material structurally compatible with 
the folds but of debatable origin. Age dates of 
this granitic and metasedimentary complex are 
all about 2.7 billion years (Gast, Kulp, and 
Long, 1958). Superimposed on the older struc- 
tures is a Laramide system of closely spaced 
joints that follow older, fluid inclusion plane 
in the crystalline rocks. In the southern Bear- 
tooth Mountains several Laramide faults fol- 
low and reshear a north-northeast-trending set 
of these fractures (Wise, 1958). 

The entire granitic and metasedimentary 
mass contains many Precambrian mafic dikes, 
Spencer (1959) reports that these dikes followa 
number of Precambrian joint directions. In the 
southern Beartooth Mountains the dikes havea 
dominant northwest trend (PI. 1). In the west- 
ern Beartooth Mountains several of the dikes 
mapped by J. T. Wilson (1934, unpub. field 
map) have a northeast trend. The northwest- 
trending Precambrian dikes in the southem 
Beartooth Mountains parallel some of the 
Laramide faults in that area (Wise, 1957, Ph.D. 
thesis, Princeton Univ.). The dikes and some 
joint sets are the only recognized Precambrian 
structures paralleling the northwest elongation 
of many of the ranges of the Middle Rocky 
Mountains. The lines of serpentinized perido- 
tite intrusions through Wyoming (Hess, 1955) 
suggest a Precambrian alpine orogenic belt of 
northwest trend. Intrusions, dikes, and deeper 
crustal structures of this poorly known, poorly 
established orogenic zone may have controlled 
the dominant northwest trend of the present 
ranges and minor structures of the Middle 
Rockies. 

The concept that the central part of the 
massif consists of a batholithic core seems ques 
tionable on the evidence of surface exposures 
(Poldervaart and Bentley, 1958; Wise, 1957, 
Ph.D. thesis, Princeton Univ.). Work of Hor- 
berg and Fryxell (1942) in the Teton Moun 
tains, Osterwald (1949) in the Bighorn Moun- 
tains, and E. W. Spencer (1958, personal com- 
munication) in the Madison Range shows strong 
evidence of ancient metasedimentary rocks a 
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opposed to a simple batholithic core controlling 
the mountains. As a working hypothesis the 
present, authors believe that the distribution of 
the ranges of the Middle Rocky Mountains was 
defined by Laramide stress patterns, modified 
by pre-existing northwest-trending structural 
zones of weakness in the basement. Small-scale 
features of block shape were determined by the 
local fracture pattern of the basement and in 
some cases by lithologic boundaries. 

. Basement faults. Major structural zones in 
Precambrian rocks that have or may have 
played an important role in Laramide deforma- 
tion include faults that bound the Beartooth 
block, faults in adjacent structural areas, and 
fults within the block itself. These types will 
be discussed separately. 

FAULTS BOUNDING THE BLOCK: The massive 
Beartooth crustal block was uplifted during the 
Laramide orogeny. The faults or fault zones in 
the Precambrian rocks that define the bound- 
aries of the block may have been developed 
during the initial stages of the Laramide 
orogeny, but it is distinctly possible that they 
are older fractures, possibly Precambrian. Their 
alignment in two major directions, about N. 
10°-20° E. and N. 60°-70° W., is the same as 
that of many of the Precambrian mafic dikes 
that occupy older fractures in the crystalline 
rocks of the block’s interior (Spencer, 1959). 

These bounding faults and fault zones along 
which the block was uplifted are the structures 
along which the veneer of covering sedimentary 
rocks draped, folded, broke, and slid from the 
high frontal edge of the block onto the adjacent 
structurally lower basins. These faults and as- 
sociated structures around the entire perimeter 
of the block are described in detail later. 

BASEMENT FAULTS IN ADJACENT AREAS: Only 
one major structure that cuts the Precambrian 
basement and along which subsequent move- 
ment has deformed the overlying Paleozoic, 
Mesozoic, and Paleocene sedimentary rocks is 
near enough to the Beartooth block to be ge- 
netically significant. This is the Nye-Bowler 
zone, which has already been described and 
which will be further discussed in conjunction 
with the detailed structural descriptions of the 
perimeter of the block. 

It is noteworthy, however, that two other 
structural zones in central Montana have the 
same characteristics as the Nye-Bowler zone. 
Hancock (1918) described the Lake Basin fault 
zone. North of it is the Cat Creek fault zone, 
near the northern part of the Middle Rocky 
Mountains. The sense of displacement in all 


three zones is left lateral. Along all three of these 
zones, fracturing in the overlying rocks and 
local thickening or thinning of the rocks indi- 
cates reactivation of movement along existing 
structural lines of weakness in the crystalline 
basement. 

Although much of the literature pertaining 
to the Beartooth Mountains includes the con- 
cept of older zones of structural weakness, few 
facts are known to help establish its validity. 
Reactivation of movement along pre-existing 
faults is known, but this may have been due to 
long-term persistence of the. deforming stress 
rather than to actual weakness of specific crustal 
zones. 

STRUCTURES WITHIN THE BLOCK: Two major 
structural zones in Precambrian rocks cut 
across the interior of the Beartooth block. These 
are the Cooke City zone, described for the first 
time herein, and the Mill Creek-Stillwater zone, 
first described by J. T. Wilson (1936, Ph.D. 
thesis, Princeton Univ.). 

The Cooke City zone is a prominent north- 
west-trending structural zone (Fig. 3) that 
transects the Beartooth Mountains from ter- 
minal points in the Clarks Fork Canyon and 
the junction of Mill Creek with the Yellow- 
stone River. The features that have been ob- 
served along this zone serve to identify it as a 
major lineament within the Beartooth block. 

Fractures are a major feature of the zone. 
Wise (1957, Ph.D. thesis, Princeton Univ.) and 
Pierce (1957) have described northwest-trend- 
ing faults in the Clarks Fork Canyon with 
vertical displacements of up to 3000 feet. J. H. 
Sheufler (1954, M.S. thesis, Wayne Univ.) and 
Spencer (1959) have mapped the fault cutting 
Beartooth Butte and a host of other prominent 
fractures in the crystalline rocks having the 
same northwest alignment in the area near the 
butte. Precambrian mafic dikes in this area 
have a dominant northwest trend parallel to 
the fractures. J. T. Wilson (1936, Ph.D. thesis, 
Princeton Univ.) described faults in the Mill 
Creek area with displacements of up to 2000 
feet, some having a northwesterly trend. Lover- 
ing (1929) and present workers (Pierce, 1957; 
Parsons, 1958) recognize northwest-trending 
faults and shear zones in the Precambrian rocks 
near Cooke City. 

The Precambrian crystalline surface slopes 
southwestward toward the Cooke City zone all 
along the northwestern part of the Beartooth 
block. Northwest of Cooke City where it is 
possible to obtain elevation control at the con- 
tact of the Precambrian rocks with overlying 
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Cambrian sedimentary rocks, the surface re- 
verses southwest of the zone and slopes north- 
eastward, thus outlining a structurally low zone. 

Preservation of Cambrian rocks is almost con- 
tinuous along the Cooke City zone, being in- 
terrupted only by several small gaps northwest 
of Cooke City (Pl. 1). 

The incidence of Laramide porphyry in- 
trusive rocks along the zone is greater than in 
adjacent parts of the Beartooth block. There 
appears to have been some structural control 
for at least some of these intrusive rocks; J. T. 
Wilson (1936, Ph.D. thesis, Princeton Univ.) 
stated that faulting in the Mill Creek area con- 
trolled the position of intrusive rocks there. 

Volcanic vents and radial dikes are generally 
aligned along the Cooke City zone (Pl. 1; 
Iddings and Weed, 1894; Parsons, 1939; 1958). 
This suggests that the location of these Tertiary 
volcanic vents was controlled in part by the 
prior existence of the structural zone. 

Finally, with the exception of the Sunlight 
district, mineralization in the interior of the 
Beartooth massif occurs only in three areas, all 
of which are aligned along the zone. From 
southeast to northwest they are the Cooke City 
(Lovering, 1929), Independence, and Emigrant 
Gulch mining districts (Iddings and Weed, 
1894). Some of the mineralization took place 
after the Tertiary volcanic rocks were extruded. 
At Independence, for instance, mineralization 
occurs in the Precambrian crystalline rocks, 
Laramide porphyries, and the volcanic rocks. 
The absence of mineralization elsewhere strong- 
ly suggests some structural control for the 
mineralization. 

Coincidence of all these features and the in- 
terdependence of some on others suggests that 
this structural zone existed at least since the be- 
ginning of uplift of the block and possibly be- 
fore. As mentioned, the axis of the Bighorn 
Basin trends at one place almost directly in line 
with the Cooke City zone, suggesting that the 
zone may represent the uplifted axis and floor 
of the Bighorn Basin during an early stage of 
development. The central, almost axial, posi- 
tion of the zone in the western part of the Bear- 
tooth massif may indicate breaking and bowing 
of the block during its uplift. 

J. T. Wilson (1936, Ph.D. thesis, Princeton 
Univ.) described east-west and northwest fault- 
ing in the vicinity of Mill Creek in the Mill 
Creek-Stillwater zone at the west edge of the 
Beartooth block. Along these faults, several 
large patches of Paleozoic rocks as young as the 
Madison limestone are preserved in down- 
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faulted blocks on the south side of the fault. 
Ten miles east of the eastern terminus of the 
Mill Creek fault, along Fourmile Creek, j 
another patch of rocks from Cambrian tp pped 
Jurassic in age preserved in a downdropped F™ Att 
block on the north side of an east-west fault ks plut 
(Pl. 1). stone | 

Primarily on the basis of these faults which #8 alon; 
have the same alignment and because of the pe ™ 
suggestive alignment of drainage and the pres. ds mig! 
ence of shearing in some of the intervening Pre. FY 
cambrian rocks, J. T. Wilson (1936, Php, } It shou 
thesis, Princeton Univ.) extended the zone |? F* Mill 
miles to the Beartooth Mountain front along stern 
the Stillwater drainage. This east-west zone 998°"! 
about 35 miles long outlines a large triangular wed the 
mass of the northwest part of the Beartooth pasmuch 
block, which Wilson called the North Snowy Mill Cree 
block. The Tectonic Map of the United States mplaced 
(King, 1944) shows this zone as a continuous $°% the 
fault. hat the | 

J. T. Wilson (1936, Ph.D. thesis, Princeton foUs's fo 
Univ.) has also proposed a possible connection Sedimet 
of this zone with the Nye-Bowler zone witha pages of 
major change of strike at the mountain front, lly cor 
The writers think that there is no tangible ev. F°" of la 
dence to support this and have discussed else- pck vene 
where other possibilities of extension of the ple in de 
Nye-Bowler zone. pst illus 

Work by Howland (1955) and R. Butler has owas 
caused Butler (1959, personal communication) f'Y°™""S 
to suggest another interpretation of the eastem f°" blo 
termination of the Mill Creek zone. He finds f*4 int 
that a major discontinuity between metasedi- tthe dis 
mentary material on the north and dominantly he Cam 
granitic material on the south persistsalong the J" (ar 
West Stillwater River; that the West Stillwater he authe 
River marks a sharp change between overturned — been 
dips in the Stillwater complex on the east and m deve 
moderate normal dips on the west; that the lacemer 
western limit of major frontal thrusting occurs 
at the West Stillwater River; that the base of 
the Stillwater complex shows an apparent left- 
lateral displacement of 1-2 miles along the West 
Stillwater River (PI. 1); and that a large thrust 
(the Bluebird fault of Howland, 1955) cuts out 
the lower members of the Stillwater complex 
before disappearing beneath the alluvium of 
the West Stillwater River. For these reasons 
Butler has suggested that Wilson’s Mill Creek 
zone may continue eastward along the West 
Stillwater River to merge with the Bluebird 
fault. The left-lateral displacement on the zone 
would have been absorbed near the mountain 
front by thrusting of basement gneiss over the 
lower Stillwater complex. 














In the two areas where sedimentary rocks are 
reserved farther west along the zone, maxi- 
um vertical displacement along the down- 
ped blocks probably does not exceed 3000 
t, At the west end of the zone, folds in the 
ks plunge steeply (30-50°) toward the Yel- 
wstone Valley. This may be due to downward 
ag along the Deep Creek fault that bounds 
ewestern edge of the Beartooth block, or the 
ds might have been tilted westward by Ter- 
ry intrusive rocks. 

It should be noted that the western end of 
e Mill Creek zone is the same as the north- 
stern end of the Cooke City zone. Earlier 
estions that Tertiary intrusions have fol- 
wed the Mill Creek zone seem to be incorrect 
smuch as none have been mapped east of the 
{ill Creek terminus. Intrusive rocks have been 
mplaced at Cooke City and at Independence 
yng the Cooke City zone; the writers think 
hat the influence of the Cooke City zone ac- 
ounts for their presence at Mill Creek. 
Sedimentary veneer. As previously noted, the 
hnges of the Middle Rocky Mountains are gen- 
rally considered to result from active move- 
nent of large basement blocks, the sedimentary- 
nck veneer having played a relatively passive 
ole in deformation (Chamberlin, 1945). This is 
st illustrated at the Buffalo Bill Dam in the 
Rattlesnake Mountain structure west of Cody, 
Wyoming. Here a major fault tilting the base- 
pent block of Rattlesnake Mountain passes up- 
ard into the sedimentary-rock veneer. Much 
f the displacement of the fault is absorbed in 
he Cambrian shales. Studies of closely spaced 
ints (and other fractures) in the basement by 
heauthors show that the crystalline rocks have 
ot been rotated or internally deformed during 
¢ development of the fold. The fault dis- 
lacement gives way in the upper Paleozoic 
ocks to a relatively simple asymmetric anti- 
line draped across the broken basement. Were 
not for the deep exposure in the canyon, one 
ight interpret the asymmetric fold in a num- 
tof ways without realizing the basement con- 
ol of the structure. 

The peripheral structures of the Beartooth 
if present similar problems. They are inter- 
ting as structures alone but their real signifi- 
nce is as indicators of movements and stress 
atterns of the great crustal block. The pur- 
in describing these peripheral structures is 
0 reveal the nature of movement along the 
jor faults in the basement directly control- 
ng the movement of the crustal block. Know- 
g these movements, and their relationship to 
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each other, one can speculate on the funda- 
mental mechanisms involved in the rise of the 
crustal block. 


Perimeter of the Beartooth Block 


Beartooth fault zone. Total vertical dis- 
placements across the Beartooth block edges 
are as much as 20,000 feet. Several types of 
structures and kinds of mechanisms are neces- 
sary to achieve the separation. The complex of 
frontal structures along the east and northeast 
sides of the Beartooth block is termed the Bear- 
tooth fault zone, first noted by Eldridge (1894); 
along the western side, the Deep Creek fault 
zone in the Yellowstone Valley; and along the 
southwest edges of the block, the Gardiner fault 
zone. In the following discussions the physical 
characteristics of the zone will be described 
from Wyoming northward to Red Lodge, 
Montana, nerthwestward to Livingston, Mon- 
tana, south along the Yellowstone Valley to 
Gardiner, Montana, and thence southeastward 
to its disappearance beneath volcanic cover. 
Reference to Figure 3 and Plate | will aid the 
reader in following the discussion. 

South end of the Beartooth fault zone. The 
Beartooth fault zone separates the Beartooth 
massif from the Bighorn Basin as far south as 
the Clarks Fork Canyon, Wyoming, where it 
meets the Cooke City structural zone (Fig. 4). 
Southward the structural distinction between 
the Bighorn Basin on the east and uplifted 
block on the west continues without the pres- 
ence of major basement faulting. Instead the 
basin floor rises in a broad ramp onto the gently 
dipping (10—-20-degree) slopes of Dead Indian 
Hill (Fig. 5). The total rise of basement on this 
slope is about 20,000 feet to an elevation of 
6000 feet above sea level at the top of the ramp. 

Near its southern termination the Beartooth 
fault zone decreases in throw as the vertical dis- 
placement is taken up on the Dead Indian 
ramp. Where last seen before its disappearance 
beneath the alluvium of the Clarks Fork Can- 
yon the fault dips toward the basin at about 85° 
and has a vertical displacement of about 3000 
feet (Fig. 5; Pl. 2). 

The termination of the Beartooth fault zone 
is related to its intersection with the Cooke 
City structural zone. Trending southeast in the 
Clarks Fork valley and directly aligned with the 
Cooke City zone is the Clarks Fork fault, the 
Dillworth fault of Hughes (1933; 1932, Ph.D. 
thesis, Johns Hopkins Univ.), a vertical fault 
with a 3000-foot displacement separating the 
basement surface in the Clarks Fork valley from 
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that of the uplift to the north (PI. 2, fig. 2). 
Like the Beartooth fault, the Clarks Fork fault 
disappears beneath the alluvium of the Clarks 
Fork Canyon. Neither fault appears in almost 
perfect exposures on the opposite side of the 
canyon. The two faults must join at the canyon 
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nor in the corner formed by the vertical fay; aging 
is there evidence of strike-slip movement or, onal | 
horizontal displacement. This corner firmly ti. 50? it 
the uplified block to the Bighorn Basin and off yard 
some control on the amount of horizontal 4; how on. 
placement possible between the massif and tir miles 
basin in other areas. 
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range (Fig. 5). The meeting of these two zones 
at nearly 90° produced a more efficient break 
than would have been achieved by an acute 
angle. A subsidiary fault angles out of the 
Clarks Fork fault zone to make the right angle 
juncture and to leave a large, slightly less up- 
lifted fault slice, called by some the Dillworth 
bench (Figs. 4, 5). 

The outstanding characteristic of the struc- 
tural features of this corner of the range is their 
domination by vertical movement. Neither in 
the basement structure of Dead Indian ramp 





ment is 











In the area north of Clarks Fork Canyon, 
Beartooth fault can be observed to be 
steeper with structural depth. The dip of 
fault can be obtained in three areas at threedi 
ferent structural depths. At the Clarks F 
Canyon, the structurally deepest position 
both walls in basement, the fault is nearly ve 
tical and is parallel to prominent closely s 
Precambrian joints which apparently cof 
its position. In Littlerock Creek, 4 miles 
of the Clarks Fork Canyon, at an intermedia larks F 
structural position of basement rocks in t uplifted 
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tical faulibanging wall against sedimentary rocks in the 
MeNt ordiotwall, the fault dips toward the mountains 
"firmly tig 50° in the valley bottom. The fault flattens 
2 and off ward within 1000 feet to where exposures 
zontal did how only a 20-degree dip. At Bennett Creek, 
if and miles north of the Clarks Fork Canyon, the 
ult is an almost horizontal thrust. This is the 
wructurally highest position with sedimentary 
rocks in both the hanging wall and the footwall. 
The thrust places nearly vertical Cambrian 
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In two areas, where Bennett Creek and the 
Clarks Fork of the Yellowstone River exit 
from the mountains, the Beartooth fault zone 
cuts and uplifts fold structures similar in type 
and trend to those of the Bighorn Basin. Both 
structures are northwest-trending drape folds 
associated with nearly vertical basement faults 
along which the northeast side has dropped 
several thousand feet (Figs. 4, 5). If these folds 
are truly structures associated with formation 
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rocks on nearly vertical Jurassic rocks, a hori- 
zontal displacement of about | mile. 

The change in dip with depth of frontal faults 
sa fundamental problem of structural inter- 
pretation in the Middle Rocky Mountains. If 
the dip steepens with depth, horizontal move- 
ment is minimized; if it lessens, horizontal 
movement is increased. Recent model experi- 
ments by Sanford (1959) provide a theoretical 
if basis for the steepening of thrust fault dips with 
increased depth. 

In summary, near the south end the Bear- 
tooth fault is a thrust with a maximum hori- 
watal displacement of 1 mile, steepening down- 
ward into a vertical fault in the basement rocks. 
Atits southern termination it joins the vertical 
Clarks Fork fault to make a right angle at the 
uplifted block corner. 














Figure 5. Inferred configuration of the basement at the Clarks Fork corner (Deep Lake quad- 
rangle) of the Beartooth Mountains, Wyoming 


of the Bighorn Basin, then major block uplift 
slightly postdates basin formation, and the 
block might be expected to truncate basin 
fold axes. The main basin axis trends northwest, 
turning sharply northward along the Beartooth 
Mountain front. The projection of this north- 
west trend is on a direct line with the Cooke 
City zone beyond the mountain front. Thus 
the possibility must be considered that the 
Cooke City zone is controlled by the uplifted 
axial extension of an early developmental stage of 
the Bighorn Basin. 

Line Creek structure. At Line Creek on the 
Wyoming-Montana State line, the Beartooth 
fault zone is complicated by folding of the up- 
turned sedimentary rocks along a vertical axis 
(Pl. 3, fig. 1). The upper Paleozoic formations 
are sharply folded but unbroken. The lower 
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Paleozoic formations are broken, compressed, 
and shortened by fault overlap. The Bighorn 
dolomite shows one-quarter of a mile of short- 
ening by fault overlap (Pl. 1). 

One might interpret the Line Creek fold 
upon casual inspection as a drag around a base- 
ment tear fault. However, the lack of basement 
displacement at the front and the frontal short- 
ening by fault overlap invalidate such an in- 
terpretation. On the basis of the straight trace 
of the basement, the faulted overlap of the 
sedimentary rocks, and the vertical fold axes, 
the authors interpret the Line Creek fold as a 
great drag structure caused by northward 
movement of the mountain block with respect 
to the uplifted frontal structures. 

Two miles south of Line Creek a small tear 
fault across the Beartooth fault zone is in turn 
displaced by secondary faults. Like the Line 
Creek structure these secondary faults indicate 
a northward movement of the mountain block 
after most of the uplift was completed. The 
tear fault is not well exposed, but the Line 
Creek structure supports the interpretation 
offered. 

The tectonic implication of both these struc- 
tures near Line Creek is that they are modifica- 
tions of the frontal structures and hence must 
be slightly younger than the major uplift of the 
massif. Both suggest right-lateral displacement. 
In the writers’ opinion, during the later stages 
of uplift the Beartooth Mountain block began 
to show lateral displacement toward the north- 
east with respect to the adjacent basin. This is 
toward the northeast corner of the block at Red 
Lodge. The fault overlap and fold shortening 
indicate that the strike displacement is at least 
one-quarter of a mile and probably does not 
exceed | mile. 

Line Creek to Gold Creek. North of Line 
Creek on the Montana-Wyoming line, the main 
Beartooth fault trace passes out through the 
Paleozoic sedimentary rocks and is hidden 
under the alluvium accumulated along the 
mountain front. Some patches of Fort Union 
and Wasatch rocks near the front provide the 
only spatial control for location of the main 
fault (Pl. 1). 

West of the main fault are three high-angle 
faults. One of these places Precambrian rocks 
against Cambrian and Ordovician; the other 
two create imbricate slices in the overturned 
sedimentary rocks. Exact dips canhot be 
measured on these faults, but field relationships 
suggest that they are steeper than the over- 
turned Paleozoic sedimentary rocks which dip 
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50° toward the mountain. This is the first 
of the mountain front in which imbricationis 
significant structural feature. Degree of j 
brication increases toward the northeast co 
of the block at Red Lodge. 

Gold Creek to Harney Creek. Between 
Creek and Harney Creek the trend of 
frontal edge of the Beartooth block c 
sharply from N. 15° E. to N. 60° W. Thes 
bend constitutes the northeast corner of 
uplifted block near Red Lodge, Montana (Fig 
6). 

This corner of the block is totally differen 
from the corner at the Clarks Fork of the Y¢ 
lowstone, where two vertical faults physically 
tie the Beartooth block to the adjacent Bighor 
Basin, not allowing for any horizontal move 
ment. Here three prominent structural feature 
provided a mechanism for displacement of th 
frontal edge of the block outward over th 
adjacent sedimentary-rock-filled basin (Fig. 6 

1). These features, described by Fooy 
(1960), are the major fault itself, a series of 
smaller thrusts in the upper plate of the main 
fault block that break it into imbricate slices, 
and numerous tear faults that break across the 
upper plate and allowed large masses of the up- 
per plate to move outward as much as 2 miles, 
Only in this corner of the Beartooth block i 
there significant imbrication and tear faulting 

The major fault is not visible anywher 
around this section of the mountain front. The 
location of Fort Union sedimentary rocks clos 
to the mountain front requires a fault to a 
count for missing stratigraphic thickness a 
provides an approximate location .of the faul s 
beneath alluvial material. Probably the thrus 
places lower Cretacecus rocks onto the For 
Union. The attitude of the main fault is no 
known and may be inferred only by one’s a 
suming that it has a dip near the surface simila 
to one or more of the smaller imbricate faul 
above it. On this basis, its dip toward ¢ 
mountain would be between 30° and 45°. 

Imbrication of the Paleozoic sedimentat§.: f1¢ 
rocks along this section of the front is marked}, 4., of 4 
Between Rock Creek and West Rock C 
there are three prominent imbrications a 
the main fault. The Paleozoic limestones 
vertical or steeply overturned and crop out! 
the most striking hogbacks and palisades in 
entire mountain uplift. The several thrusts ha 
caused both elimination and repetition of t 
formations. Throughout this section of 
front the uppermost fault causes the Pre 
brian crystalline rocks to lie upon Cambri 
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;dovician, Devonian, and Mississippian for- 
tions. Adjacent to Rock Creek this fault 
ips toward the mountain at 35°, 

Three large tear faults break and offset the 
ntain front near the northeast corner (Fig. 
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ingston corners of the range are tightly fixed to 
the adjacent basins as shown by their structural 
relationships. All the deformational stresses cul- 
minated at the Red Lodge corner of the uplift 
and served to break and move forward the 
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fig. 2). Northwest of Red Lodge the Willow 
reek tear fault has right-lateral displacement 


45°. the order of 3000 feet, and the Harney Creek 
na ar fault has left-lateral displacement in the 
; 


der of 4000 feet. These tear faults break the 
ntain front into major blocks; they al- 


parts of the bold frontal edge to move 
tones afonsiderable distances over the sedimentary- 
Op out Mk-filled basin. 
des in O44 There has been much speculation concerning 
rusts haVfte amount of horizontal displacement of the 
n of theBertooth block over the Bighorn Basin (Fig. 
~ The writers believe that the maximum hori- 


tal displacement is at the northeast ccrner 


f the hlock. Both the Clarks Fork and Liv- 





Some additional horizontal movement may 
have taken place as a result of the imbrication 
and by movement along the major fault. Rec- 
ognizing that the major fault is vertical at the 
Clarks Fork corner, only 20 miles south of the 
Maurice tear fault, the authors believe that the 
attitude of the Beartooth fault at the Red 
Lodge corner becomes vertical or very steep at 
depth. Until the attitude of the fault at depth 
is actually determined, this and other state- 
ments regarding the total amount of horizontal 
displacement are speculative. 

Harney Creek to East Rosebud Creek. This 8- 
mile-long section of the mountain front trends 
N. 60°-70° W. It is the first section of the 
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frontal edge northwest of the greatly faulted 
corner at Red Lodge. The absence of tear faults 
is noteworthy. Complexly intermingling thrust 
and lateral shear structures characterize this 
section. These structures are particularly well 
displayed between Burnt Fork and Red Lodge 
Creek, midway in this part of the mountain 
front (Fig. 7). Three major and several minor 
faults, all having left-lateral displacement, have 
served to crumple, fold, and shear the vertical 
or steeply dipping Paleozoic and Mesozoic 
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location of Wasatch and Fort Union sedj 
tary rocks close to the mountain spatially 
trol its position, close to the outcropping 
dance rocks. ilted to 

East Rosebud Creek to Fishtail Creek. ainst k 
14 miles the frontal edge of the mountain is §}is part 


boldly elevated mass of Precambrian crystalling The at 
rocks with no exposed sedimentary rocks (Pifjnation 
1). Glacial moraine and outwash and erosiondfacts on t 


debris from the mountain conceal any Paleo} The be 
zoic or Mesozoic rocks that might be presenpation of 
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Figure 7. Complex thrust and shear structure near Red Lodge Creek, Bear- 


tooth Mountains, Montana 


rocks which had already been imbricated by a 
series of high-angle reverse faults. Shortening 
of the lower Paleozoic section by this shearing 
and crumpling amounted to a minimum of half 
a mile and possibly as much as 114 miles. The 
writers believe that these effects have been 
caused by movement of the mountain block 
eastward with respect to the uplifted and im- 
bricated frontal structures in a fashion similar 
to that in the Line Creek area (PI. 3, fig. 1). 

West of the laterally sheared and imbricated 
structures the exposed sedimentary rocks are 
broken only by a subsidiary thrust fault that 
slices away the Paleozoic rocks, placing Pre- 
cambrian crystalline rocks on Cambrian, Ordo- 
vician, Devonian, and Mississippian formations. 
At East Rosebud Creek, the trace of this fault 
and all the exposed sedimentary rocks disappear 
beneath glacial debris. 

The main Beartooth fault is not visible at any 
place along this section of mountain. Again, the 















although possibly the crystalline rocks haves 
moved outward along the main Beartooth fa 
far enough to completely cover the more 
sistant Paleozoic and lower Mesozoic rocks. 

West Fishail Creek to the Stillwater dratnag 
The next appearance of sedimentary rocks west 
ward along the Beartooth Mountain front isi? 
the vicinity of Fishtail Creek. John S. Vb 
(1934, Ph.D. thesis, Princeton Univ.) did 
basic geologic mapping in this area. The Weg 
Fishtail area has several features of real or paps 
tential structural significance. The mountalf 
front at this point shows a discordance in strikig spread o 
The discordance is reflected in the frontal sed). A num 
mentary rocks west of the creek where 
turn from a northwest to a north-south strilges 


tlatively 
West St 


of Cambrian sedimentary rock and the 
lying Stillwater complex. These rocks might 
extended along strike to join with the bas 
the Stillwater complex and some of the 





sedimenfulted Cambrian sedimentary rocks that are 
‘tally conn the west side of West Fishtail Creek. In- 
ping Sunfulted blocks of Cambrian sedimentary rocks, 
ited toward the north where they abut 
gainst basement faults, are characteristic of 
his part of the range front. 

The authors do not recognize a unique ex- 












cts on the Fishtail structure. 

The best explanation seems to be that the lo- 
€ presentation of the initial faults bounding the massif 
as controlled by the transection of the Still- 
ater complex, with later fault modification. 
tthe west end of the Stillwater complex near 
he Main Boulder River an analogous discon- 
inuity of range front appears which results in 
we part from faulting (Richards, 1957). In 
ike fashion the numerous faults indicated by 
he indropped Cambrian sedimentary rocks in 
he Fishtail area may have permitted lesser up- 
it and consequent folding of the mountain 
ont as they meet the Beartooth fault zone to 
; east. 

Faulting of the basement rocks against the 
ipturned frontal sedimentary rocks continues 
om Fishtail to the vicinity of the West Fork 
{the Stillwater River. The frontal faults are 
lightly en echelon and trend more westerly 
han the mountain front itself, thus cutting 
lown-section toward the west. Locally, these 
pults place basement rocks against sedimentary 
ocks as young as the Madison limestone. One 
y speculate that these faults represent the 
appearance of the Beartooth fault zone from 
he east. Both the en echelon character and the 
esening total displacement of the faults seem 
obe related to the changing character of the 
bartooth front, from thrusting in the east to 
















r drainagy West Stillwater River to West Boulder River. 
ocks wes he structure of the 20-mile portion of the 
front isigenge front between the West Stillwater and 












1S. Vhaghe West Boulder rivers differs from that along 
-.) did te Beartooth fault zone farther east. The 
The We@ructural relief between the Crazy Mountain 
real or pain and the Beartooth massif is not as great 
mountain the eastern Beartooth Mountains, and it 


e in strik@ spread over a greater horizontal distance (Fig. 


ontal sed) A number of faults and tilted fault blocks 
shere tht associated with this more gentle rise of the 
uth strikgesement toward the south. Largest of these is 


me East Boulder fault. 

The steeply dipping faults in the basement, 
monly preserving Cambrian sedimentary 
kson their downthrown south side, have the 
posite sense of displacement from the uplift 


s might 
the base 
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of the main mountain mass on the south. A 
number of folds in the sedimentary rocks are 
parallel to the mountain front along its northern 
edge. Associated with these folds are a number 
of subparallel faults which have the same south- 
side-down sense of displacement. The folds may 
be drape structures across similar basement 
fault blocks, but this cannot be proved by the 
surface mapping. Where fault dips can be seen 
they are steep; at no place have large thrusts 
been mapped. 

Some authors (Lammers, 1937; D. C. Skeels, 
1939, Ph.D. thesis, Princeton Univ.), thinking 
that thrusting must inevitably be associated 
with block uplift, have discussed these struc- 
tures as thrusts and considered the problem of 
overthrusting versus underthrusting. In view 
of the steep dips observed at the surface, the 
present authors think that the term ‘“‘thrust” 
has misleading genetic connotations and that 
the term ‘‘reverse fault’? should be applied to 
those structures with steep north dips. These 
north-dipping reverse faults are downthrown 
on the range side and result from rotational 
movement of blocks that have tilted in the op- 
posite direction to the broad ramplike uplift of 
the northwest Beartooth front. The authors 
think that the rotated blocks in the northwest 
Beartooth Mountains are related to Laramide 
deformation and are similar in age to rotated 
block structures overlain by undeformed Ter- 
tiary sedimentary rocks in the Badwater area, 
Wyoming (Tourtelot, 1953). 

The proximity of the Nye-Bowler lineament 
complicates the structure of this portion of the 
mountain front. A number of laccolithic in- 
trusions near the juncture of the Nye-Bowler 
zone with the mountain front probably result 
from easier passage through the fractured area. 
Rouse et al. (1937) suggest that some of the 
domal structures in this area, particularly Lime- 
stone Butte on the lower reaches of the West 
Stillwater River, are the result of similar lacco- 
liths at depth. Seven miles west of the area dis- 
rupted by the laccoliths and in almost a direct 
line with the Nye-Bowler fault zone, the East 
Boulder fault may be observed extending west- 
ward for 15 miles from the laccolith zone. The 
authors believe that these two faults represent 
parts of the same zone passing through the 
laccolithic complex and that the East Boulder 
fault is a part of the frontal structure of the 
Beartooth Mountains (Pl. 1). The authors be- 
lieve that the Nye-Bowler zone joins with and 
is incorporated into the frontal structure of the 
western part of the Beartooth massif. Alterna- 
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tive possibilities are treated with the discussion 
of the Nye-Bowler zone. | 

Livingston corner. The Livingston corner of 
the massif is formed by the intersection of 
northeast-trending structures of the Yellow- 
stone Valley with the frontal structures of the 
Beartooth uplift. Basic geologic mapping in the 
area is by Lammers (1937), D. C. Skeels (1939, 
Ph.D. thesis, Princeton Univ.), and Richards 
(1957). Similar frontal structures of the sedi- 
mentary rocks continue westward into the 
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the close association of the individual 
with tilting of the corner blocks; (2) lack 
lateral displacement on the western project 
of the fault in the Canyon Mountain area; 
(3) lack of clear evidence of offset at the int 
section. 

Richards (1957) noted that the Deep G 
fault extends southward beneath the alluy;j 
along the east side of the Yellowstone Y, 
Outcrops of Madison limestone along the 
side of the valley floor, approximately | 
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Figure 8. Inferred configuration of the basement in the Livingston 
corner of the Beartooth Range, Montana 


Gallatin Range. As much as 15,000 feet of 
structural relief separates basement rocks in the 
Gallatin Range from those in the Beartooth 
across the Yellowstone Valley. 

The Livingston corner area consists of a 
double corner for the Beartooth Range: the 
true corner and the Livingston Peak block 
(Fig. 8). The Livingston Peak block is struc- 
turally almost identical to the true block cor- 
ner, but the Suce Creek fault separates the two. 
Both the true corner and the Livingston Peak 
block are tilted approximately 45° northward. 
The Deep Creek and the Stumbo Mountain 
faults truncated the western ends of the re- 
spective tilted corner blocks and permitted 
their rotation northward. 

Because of the similarity in strike and gen- 
eral features of the Deep Creek and Stumbo 
Mountain faults, Richards (1957) stated that 
the two are probably the same fault offset by 
right-lateral displacement along the Suce Creek 
fault. The authors do not concur because of (1) 


apparent 
they cut 
mountai 






















lower than the level of basement rocks it 
mediately to the east, substantiate this inta 
pretation. Considerable structural relief persiq? 
southward at least as far as the Mill Creek are 
but here the alluvial cover obscures exact 
lationships. 

Hence, the Deep Creek-Stumbo Mountif 
fault zone is significant because it sha 
bounds the Beartooth massif along the Yelle 
stone Valley. The northwest-plunging folds 
this corner of the Beartooth massif also o 
tributed to the lowering of the structural elev 
tion of the block toward the Livingston com# 
These folds continue beyond the Deep Cre 
Stumbo Mountain fault zone northwest 
toward the Bridger Range. 

The Suce Creek fault, separating the Living: 
ston Peak block from the main block cornet, 
a high-angle reverse fault with approximate 
3000 feet of vertical displacement (Richart 
1957) near its eastern terminus (Fig. 8). We 
ward across the Stumbo Mountain-Deep Cr 











faults, the vertical displacement of the Suce 
Creek fault increases to about 5000 feet. West- 
F ward beyond the Yellowstone River, the Can- 
yon Mountain structure of D. C. Skeels (1939, 
Ph.D. thesis, Princeton Univ.) lies on strike 
with the Suce Creek fault, and basement rocks 
ae exposed along its uplifted north side. Skeels 
“¥interpreted the structure as a very complex 
thrust mass pushed southward onto an erosional 
surface. West of this complex the fault is again 
nearly vertical to its termination. In view of 
the broad tectonic setting, the structural detail 
of adjacent areas, the nearly vertical nature of 
the fault zone on both sides of the Canyon 
Mountain structure, and the strange structural 
complexity in an area of extensive landslide 
topography, the present authors suggest that 
the structural complex at Canyon Mountain 
may be a simple, nearly vertical basement fault 
modified at the surface by gravity collapse of 
the overlying sedimentary rocks. Hence they 
do not regard the complex apparent thrust 
masses southwest of and below the crest of Can- 
yon Mountain as having special significance in 
the interpretation of Laramide tectonic forces. 
Gravity features like this are common in 
Wyoming, associated with both low- and high- 
angle reverse faults (D. L. Blackstone, Jr., 1959, 
personal communication). 

Northward from the Livingston corner there 
are several northeast-trending faults that have 
apparent left-lateral strike-slip movement as 
they cut across the sedimentary rocks of the 
mountain front and adjacent basin anticlines 
(Richards, 1957). The sense of displacement is 

rocks j@puch as to have permitted the block corner to 

this intg™’e Northward with respect to the Yellow- 
lief persgh"° Valley and Gallatin Range to the west. 
Creek argong the entire zone cut by these faults the 

total apparent lateral displacement of the line 

of outcrop of sedimentary units is only 1 mile. 
»g att of the apparent displacement results from 
trosional migration down the dip of sedimen- 
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i y mery rocks on the uptilted block. A maximum 
ng folds ateral displacement of half a mile seems to be a 
f also caf" onable estimate. 

tural elevg She tectonic significance of the Livingston 
ton com@pomer of the massif is similar to that of the 
cep Cre oth end of the massif. Both corners are 


hwestwageominated by vertical movement (Figs. 5, 8). 
the south corner has almost no horizontal dis- 

the Livinge@ement with respect to the basins; the 
k corner,g-"8gston corner has moved less than | mile 
sroximatege™ontally, probably about half a mile. These 
Richar"? Corners, raised vertically with respect to 
. 8). We ¢ adjacent basins, provide the fundamental 
Jeep C gontrol for setting limits on the total amount of 
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thrusting possible at other places along the 
edges of the mountain block. 

Gardiner area. The Gardiner area, Mon- 
tana, represents the only certain exposure of 
the structural relationships along the southwest 
side of the Beartooth massif. The major feature 
is a northwest-trending fault along which base- 
ment rocks are exposed on the northeast side 
at least 10,000 feet higher than the sedimentary 
rocks on the south side (Fig. 2; Pl. 1). C. W. 
Wilson, Jr. (1934), mapped the geology of this 
area along the 13-mile exposed length of the 
structure. Wilson, like Johnson (1934), specu- 
lated that the fault or fault zone may project 
approximately 60 miles beneath the volcanic 
cover to join with the basement fault of the 
Rattlesnake Mountain anticline near Cody, 
Wyoming. 

Wilson notes that the Gardiner thrust dips 
northward at 35° and that several imbricate 
slices of sedimentary rocks are south of the 
fault. The fault trace is irregular, presumably 
as a result of associated tear faulting. The fault 
trace passes beneath volcanic cover at both ends 
and, hence, must predate the volcanic extru- 
sion. In Pleistocene or Recent time, the older 
fault localized basaltic lavas and hot springs de- 
posits (Wilson, 1934). 

The exact relationship of the Beartooth block 
near Gardiner to the adjacent masses of base- 
ment rock is not clear because of the thick vol- 
canic cover. Westward, on strike with the Bear- 
tooth uplift, the basement rocks in the Gallatin 
Mountains are at about the same elevation as 
those in the Beartooth Mountains. This would 
indicate that the great structural relief pro- 
duced by the Deep Creek fault in the lower 
Yellowstone Valley does not persist as far south 
as Gardiner. Speculatively, the junction of the 
Deep Creek fault with the Mill Creek or Elbow 
Creek faults beneath the alluvial cover may 
permit the southern termination of the Deep 
Creek fault zone. From a structural viewpoint, 
there is little or no distinction between the 
Beartooth and Gallatin ranges in the vicinity of 
Gardiner. Here the two ranges are apparently 
joined together without any structural separa- 
tion. Actually, the Gardiner fault provides a 
common southern boundary for part or both 
the Beartooth and Gallatin ranges. 


GEOLOGIC CHRONOLOGY 


Precambrian 


The geologic chronology of the Beartooth 
region can be subdivided into an ancient se- 
quence of events which produced the basement 











1164 


rocks constituting the core of the range and a 
later sequence of events which resulted in the 
creation of the modern range. 

The general chronology of events in the Pre- 
cambrian core of the Beartooth Mountains is 
not unique to the Beartooth. A large area in- 
cluding much of the Wyoming shelf has a 
similar history. Knowledge of the detailed geo- 
logic chronology of the Beartooth core is the 
result of recent and current work, largely by a 
research group from Columbia University 
under the direction of Arie Poldervaart (Eckel- 
mann and Poldervaart, 1957; Poldervaart and 
Bentley, 1958). The following summary is 
taken largely from their works. 

In early Precambrian time a thick sequence 
of rocks, including quartzites, ironstones, and 
probably argillites, marls, and subgraywackes 
was deposited in the region. These were folded 
along axes which now plunge south or south- 
west at moderate angles in the southern and 
eastern Beartooth Mountains. A number of 
ultramafic bodies were injected into the area in 
a regional pattern which Hess (1955) suggests 
is the result of a northwest-trending alpine belt. 
This was followed by a period of intensive 
granitization, about 2.7 billion years ago, which 
produced the complex of amphibolites, biotite 
gneiss, migmatites, and leucogranitic gneiss, 
which form the bulk of the Beartooth area. 
Prior to, synchronous with, and closely follow- 
ing the granitization, mafic igneous activity was 
widespread. Mafic dikes of the later stages of 
this activity were emplaced along a number of 
Precambrian fracture directions (Spencer, 
1959). The intrusion of the Stillwater complex 
may also be associated with later stages of the 
mafic activity. A number of unmetamorphosed 
younger Precambrian quartz dolerite dikes cut 
all other Precambrian rocks. 

Through later Precambrian times other sedi- 
ments may have been deposited in the area. If 
so, these were removed by erosion prior to the 
beginning of Cambrian deposition. 


Post-Precambrian 


Beginning in middle Cambrian time, marine 
inundation of the eroded surface of metasedi- 
mentary crystalline basement throughout the 
area began. (Refer to Table 1.) The sea was 
shallow because this area was part of the broad 
Wyoming shelf, a stable platform that covered 
much of the Middle Rocky Mountain region. 
Deposition throughout Paleozoic time was 
nearly continuous, punctuated by only one 
substantial epeirogenic uplift during Silurian 
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and early Devonian time and by other smalle; 
uplifts at later times. 

During the Triassic, Jurassic, and early Cre f icy 
taceous, deposition within shallow seas on th 
stable shelf continued. Thickening of deposits cults 
during the late Cretaceous marked the begin. of ~~ 
ning of more rapid shelf subsidence and initia font « 
tion of early Laramide crustal instability. Panf wasatc 
of this instability was manifested by the beginf puri 
ning of volcanic activity along the northeas porphy 
border of the present Beartooth block and th struct 
northwestern extension of the Nye-Bowle§powler 
lineament (Rouse, 1937). Livingston volcanic 
rocks are interbedded with rocks as old as th 
Upper Cretaceous Judith River formatioa§peartoc 
(Parsons, 1942). Doming and possibly incipienifind the 
faulting occurred at the same time along thdhe plai 
Nye-Bowler zone and probably along much ofite fro 
the perimeter of the Beartooth block, particu. ships wi 
larly the east and northeast sides. Thickeninglf the b 
of upper Cretaceous sedimentary rocks on thf Durir 
south side of the Nye-Bowler zone near Redhely fo 
Lodge with respect to the north side indicatesyock’s | 
that that portion of the southern block movedfenism 
downward during sedimentation. early b 

Major uplift of the Beartooth block occurred} \hsarok 
during middle and late Fort Union (Paleocene 
time and culminated during early Wasatchl, 
(Eocene) time. The early upward movementaf; 
the block was along bounding faults that wer 
probably vertical or nearly vertical as demon}j 
strated by the present physical relationships ai 
the block corners in the Clarks Fork Canyo 
and near Livingston (Figs. 5, 8). The north andy 
east frontal edges of the mountain block rose tj 
the highest structural position with relation 
the adjacent, depressed block of the Bigho 
Basin during Wasatch time. During Fort Uniog 
time, the covering sediments on top of th 
block were eroded (Stow, 1946). Accelerates 
erosion contributed large masses of debris toth 






































Wasatch sedimentary rocks in the adjacet§ Relatio 
basin. In the vicinity of the Wyoming-Mooihies and | 
tana line, the Wasatch sedimentary rocks cotfiestern p 
tain abundant granite pebbles derived from th places 
frontal fault scarp or from the already denudetHoweyer, 
range crest. thier (P2 

Uplift continued after deposition of tfrusion o 
Wasatch sediments as indicated by sharply y Eocene) | 
turned and locally faulted beds along the a Develo 
side of the Beartooth front. Along the Nyblkced ma 
Bowler zone, continued downward movemetPierce (I: 
on the south side during deposition of FolMountain 
Union beds created thicknesses up to 7600 le@Pork of 4] 
near Red Lodge in contrast to half that thieirly Eoce 
ness north of the fault zone (Wilson, 19%3ffge quan 





“r smaller$jeft-lateral displacement of the zone during 
te Fort Union and early Wasatch time created 
arly Cre-f wmmetric folding and en echelon faulting in 
as on the he overlying rocks (Wilson, 1936). The tear 
F deposits jylts, imbrication, lateral shearing and most 
he begin of the structural detail along the Beartooth 
nd initie$ font developed during late Fort Union and 
lity. Pant Wasatch time. 

he begin During early uplift (Fort Union) Laramide 
northeast porphyry sills and stocks intruded favorable 
k and thefstructural zones, particularly along the Nye- 
ye-Bowlerf Bowler zone, the Cooke City zone, and the east 
and northeast sides of the massif. These por- 
phyry intrusions are absent in the mass of the 
formation§ Beartooth block between the Cooke City zone 
and the high frontal edge of the massif facing 
the plains. Most of the porphry intrusions pre- 
Z much olf date frontal faulting as shown by their relation- 
ships with these faults along the northeast side 
hickeninghof the block. 

“ks on the During the early Eocene, probably immedi- 
near Redfly following culmination of the Beartooth 
> indicatefhock’s rise, and possibly triggered by it, vol- 
ck movetfanism and extrusion of the early acid and 
arly basic breccias began in the general 
k occurred \hsaroka-Yellowstone area. A series of vents 
Paleocene}froughly aligned along the Cooke City zone 
- Wasatchienerally bound the northern side of the large 
vementolfolcanic-rock-covered region. The volcanic 
that wertfrocks effectively obscure the southwestern part 
as demonfo/ the Beartooth block. Considering the tre- 
ionshipsaigmendous volume of extrusive rocks in the 
‘k Canyotthoad Absaroka-Yellowstone area, the south- 
‘north an@vestern part of the block as well as the area 
ock rose tWdjacent to it on the south may conceivably 
relation “have been depressed by the massive transfer of 
of@ubcrustal material to the surface. This could 
“ort Unioficcount for the nearly flat or continuing south- 
op of thivest dip of those Precambrian and early Paleo- 
\ccelerattioic rocks exposed southwest of the Cooke City 
ebris totiffone in the area southeast of Cooke City. 

e adjacet Relationships between the intrusive porphy- 
ning-Motffies and the extrusive rocks along the north- 
rocks ctiestern part of the Cook City zone suggest that 
n places they are partly contemporaneous. 
owever, intrusion of the porphyries began 
prlier (Paleocene) (Rouse ef al., 1937), and ex- 
tusion of volcanic rocks continued later 
Eocene) (Parsons, 1958). 

Mf Development of the great horizontally dis- 
Placed masses of Paleozoic rocks described by 
Pierce (1957) at Heart Mountain, Sugarloaf 
on of FofMountain, and elsewhere south of the Clarks 
"Pork of the Yellowstone River began in the 
that thit¥brly Eocene, coincident with the ejection of 
son, 193jbrge quantities of fragmental debris. The com- 
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bination of extensive volcanism, probably with 
considerable seismic activity, and the force of 
gravity probably effected detachment of large 
areas of the Paleozoic rocks and movement of 
these masses downward along bedding planes 
and erosional surfaces. The mechanism of 
partial hydrostatic support Hubbert and Rubey 
(1959) proposed may have been involved in 
the movement of these masses. 

The widespread normal faulting which char- 
acterizes Mio-Pliocene deformation in much of 
the Cordilleran area is noticeably lacking in the 
Beartooth area. A few small normal faults that 
are unrelated to prior structures have been 
mapped in the sedimentary rocks; these are 
relatively insignificant in terms of the block up- 
lift. The bulk of later faulting seems to be as- 
sociated with the Yellowstone Plateau and 
faults cutting the volcanic rocks. 

By middle Eocene time the Beartooth block 
had attained its present full structural relief 
with respect to adjacent crustal blocks. How- 
ever, it did not have its present topographic re- 
lief with respect to these areas. Faunal and 
floral evidence (Van Houten, 1956) from the 
Eocene rocks of the Bighorn Basin indicates 
that the entire area was at considerably lower 
elevations and enjoyed a mild, Savannah-type 
climate. During Miocene-Pliocene time, re- 
gional uplift of the Middle Rocky Mountains 
occurred in the order of 4000 to 6000 feet. 
Subsequent erosional modification created the 
present topographic relief. 

Mackin (1937) has postulated some uplift of 
the Beartooth during Pleistocene time. His 
evidence is based on the elevation of stream 
terraces in the region. However, the same evi- 
dence can be interpreted in terms of glacial 
history without involving uplift. 


TECTONIC INTERPRETATION 


The detailed structural relationships of the 
perimeter of the Beartooth block have been de- 
scribed both spatially and chronologically. 
These details provide knowledge concerning 
local structural mechanisms. Now it is neces- 
sary to describe the over-all deformation of the 
block in terms of the interrelated structural 
mechanisms. 

In the Beartooth Mountain block there are 
two distinct types of corner, one characterized 
by vertical uplifts, the second by vertical up- 
lift with associated horizontal displacement. 
The vertical-lift corners of the Beartooth range 
are the northwest, or Livingston corner (Fig. 8), 
and the southern, or Clarks Fork corner (Fig. 
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5). At both corners a zone of frontal disturbance 
continues along the strike of the mountain 
front beyond the corner of the massif. Basement 
rocks exposed in the frontal continuation are 
separated from the more uplifted block by a 
near-vertical fault that strikes approximately 
perpendicular to the range front. In the north- 
west the Deep Creek fault in the Yellowstone 
River valley separates the tilted fronts of the 
Gallatin and Beartooth ranges, and in the south 
the Clarks Fork fault separates the Beartooth 
Mountains from the tilted ramp of Dead Indian 
Hill. Hence, the upward tilting of basement 
rocks beyond the corner of the massif provides 
a continuation of the basin edge and serves to 
confine the block corners against such lateral 
displacement parallel to the range front. Where 
tilting of one or several blocks is involved, cross 
faulting is necessary to free the end of the block 
for independent rotation. The significance of 
the vertically lifted block corners is that they 
firmly tie the mountain uplift to the adjacent 
basins and hence limit the amount of possible 
thrust displacement on the second type of 
corner, such as that at Red Lodge, where there 
is some associated horizontal displacement. 

Outward from the vertical-lift corners and 
around the entire massif, great structural relief 
persists with respect to the adjacent basins. In 
the Beartooth Mountains this structural relief 
is commonly 2-4 miles. 

The total structural relief may take place 
over a broad ramplike rise of the basement as in 
the case of the western Beartooth Mountains. 
Associated with the massif are a number of fault 
blocks tilted more steeply than the general 
angle of rise of the mountain fronts. Where 
measurable, the basement faults permitting this 
rise are nearly vertical or high-angle reverse 
faults. These faults have an opposite sense of 
displacement from that of the over-all rise of 
the mountain front. Some authors have called 
these structures underthrusts, but the present 
authors believe that the steep fault dips and the 
difficulty of simultaneous underthrusting and 
uplift of a mountain range make this interpreta- 
tion unlikely. Instead, they interpret these as 
rotated blocks in which the rotations are the 
result of couples (in the vertical plane) pro- 
duced by the differential uplift of the range 
with respect to the basins. 

The parts of the mountain front along which 
the greatest structural relief occur are those 
characterized by frontal faults and thrusts. 
This is more than just a coincidence: where the 
greatest structural relief is produced along the 
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mountain front, the mountain mass has its legs 
confinement and is free to move outward fy, 
greater distances over the adjacent sedimentay 
rocks. Where observable, the frontal thrust dip, 
35° near Gardiner, 30°-40° near Red 
and is almost flat at the Wyoming State fin 
Southward into Wyoming this fault can 
seen to steepen and become vertical with jp 
creasing structural depth as it approaches th 
Clarks Fork corner. Commonly associated with 
the frontal thrusts are a series of imbricates| 
thrust slices in the overturned veneer of se¢ 
mentary rocks. The sequence of sedimentan 
units within any single slice is almost invariably 
one of decreasing age outward from the mou. 
tain. The implication is that the thrust slice 
were developed in sedimentary rocks alread; 
steeply upturned against the mountain front, 
At the Red Lodge corner of the Be 
block there was initially a large change in strike 
of the bounding Beartooth fault zone. Uplif 
of the massif, lack of confinement, and outwar 
movement along thrust and tear faults has te 
sulted in maximum horizontal displacement | 
the massif at the Red Lodge corner. 
Displacement of the mountain front by tex 
faults occurs along that part of the front with 
the greatest structural relief, the least confine. 
ment, and, hence, the greatest amount of hon: 
zontal displacement. The unconfined come 
near Red Lodge is characterized by extensiv. 
tear faulting. The over-all displacement alon 
the group of tear faults at the Red Lodge comme 








permitted certain parts of the mountain fron 
to be moved outward farther than adjacen 
parts. Because there has been thrusting in tw 
directions around the Red Lodge corner of 
range and consequently greater resistance 
the extreme corner, two major tear faults (Fi 
6; Pl. 3, fig. 2), each of them perpendicular t 
the range front, separate the corner block i 
keystone fashion and have permitted its 
advance. It is significant that the maxt 
imbrication of frontal sedimentary rocks 
along the front of this ‘‘keystone,” or 
block. The mechanism of imbrication as well 
horizontal transport along the tear faults 
forded release from compressive stress. 

Offset along the frontal tear faults maybe 
great as 2 miles, implying a minimum horial 
displacement of 2 miles along the frontal 
Part of this displacement may be more appate 
than real because of differential uplift ande 
sion of the thrust and torn blocks. Additi 
field evidence is needed to define this 
bility. 
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Figure 1. Aerial view (looking east). South-dipping Paleozoic rocks are in Dead Indian 
Hill (right), overlying Precambrian crystalline rocks exposed on both sides of the canyon. 
The Bighorn Basin in the distance. Photograph by Richards, Cody, Wyoming 


Figure 2. Escarpment of the Clarks Fork fault. The Beartooth Plateau in the background 
is raised 3000 feet above the level of the sub-Cambrian crystalline rock surface at the 
Clarks Fork Canyon (foreground). View is north from Dead Indian Hill. 


CLARKS FORK CANYON OF THE YELLOWSTONE RIVER, WYOMING 


FOOSE, WISE, AND GARBARINI, PLATE 2 
Geological Society of America Bulletin, volume 72 





Figure 1. Line Creek fold, on the Montana-Wyoming line (looking west). 
Paleozoic sedimentary rocks upturned along the mountain front were folded 
along a vertical axis by right-lateral movement of Beartooth Mountain massif 
with respect to the Great Plains (foreground). 


Figure 2. Aerial view of the Red Lodge corner of the Beartooth Mountains (looking south- 
west). Mt. Maurice is to the left of the Rock Creek valley which extends through Red 
Lodge (foreground). The mountain front (left) is displaced toward the Great Plains 10,000 
feet along the Maurice tear fault with respect to the mountain front (right). Photograph 
by Richards, Cody, Wyoming 


STRUCTURES ALONG THE BEARTOOTH MOUNTAIN FRONT, 
MONTANA AND WYOMING 
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Associated with tear faulting and horizontal 
movement toward the unconfined corner of the 
ange at Red Lodge are the frontal lateral shear 
uctures at Line Creek and near Red Lodge 
eek (Fig. 7; Pl. 3, fig. 1). The structures are 
shout 9 miles south and northwest respectively 
‘om the unconfined Red Lodge corner. Both 
uctures are modifications superimposed on 
dimentary rocks already upturned at the 
ountain front and, therefore, represent move- 
eat of the block under continuing compres- 
ive force during the late stages of uplift. The 
ovement in both areas involved longitudinal 
ovement of the crystalline mass of the block 
oward the unconfined corner, which created a 
massive lateral shear with associated faulting in 
he adjacent sedimentary rocks. 

In summary, the Beartooth block has de- 
doped by dominantly vertical movement 
klong frontal structures following early hori- 
ontal compressive and gentle folding of the 
egion. Where vertical displacement became 
bbrupt and great enough so that there was lack 
of buttressing against horizontal compression, 
§ fhorizontal displacement with associated imbri- 
ation and tear faulting resulted; the greatest 
thrusting occurred at the unconfined corner of 
the range at Red Lodge. Thus horizontal move- 
ment is only a later stage of the vertical uplift 
of the range, and a modification of the basic 
pattern of vertical rise as shown at the confined 
range corners. 

Inthe Beartooth region tectonic speculations 
pnd theories have been almost as numerous as 
investigators. 

As a method of block uplift, the Wedge 
heory of Chamberlin (1925) is commonly 
ited (Thom, 1955). With this mechanism, 
horizontal crustal compression on a downward- 
pointing wedge would cause the wedge block to 
re along thrust faults bounding both edges. 
hom (Personal communications, 1950; 1954; 
1955; 1956; 1957; 1958) also favors the theory 
ofrise of the range by movement along a ramp. 
hom considered the ramplike thrust plane to 
latten at depth, sled-runner fashion. This con- 
ept necessitates horizontal displacement of the 
ass to achieve range uplifts. 

Associated with any statement of horizontal 
lisplacement in the Beartooth Region is the 
tart Mountain problem (Pierce, 1957). Great 






































. horizontal displacement is indicated by blocks 
00 pf Madison limestone resting on Tertiary sedi- 
ph entary rocks of the Bighorn Basin many miles 


om any mountain front. Considerable con- 
usion has resulted in the past from failure to 
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distinguish between this feature of surficial sedi- 
mentary-rock displacement and that of fault 
displacement of the basement blocks. Pierce 
(1957) shows that the movement of these blocks 
was closely associated with some of the early 
volcanic activity in the Yellowstone-Absaroka 
region and thus represents a detachment thrust, 
aided at least in its later stages by gravity. The 
present authors likewise regard the Heart 
Mountain displacement as a later event associ- 
ated with these early volcanic rocks and the 
shifting of a part of the sedimentary skin of the 
Beartooth core. Hence, the -Heart Mountain 
structures should not be used as evidence for 
the amount of horizontal displacement that has 
occurred along the frontal faults of the major 
uplift. 

The geologist willing to speculate on the 
deeper forces and mechanics of orogeny finds 
himself in an almost virgin field, barely clut- 
tered by geologic facts! A full discussion of 
Laramide orogeny cannot be made here, but 
the detailed field relationships discussed pro- 
vide a basis for certain ideas concerning the na- 
ture of deformation of the Beartooth Moun- 
tains that seem to be the most compatible with 
their orogenic history and the observed geologic 
facts. Thom (1923) stated some of these same 
basic ideas. The tectonic ideas of the present 
authors may be summarized as follows: 

(1) Precambrian structural lines of weakness 
seem to have outlined both large and smaller 
units of the basement which reacted to the 
crustal forces of the Laramide deformation. 
This seems to have been true for a major por- 
tion of the Middle Rocky Mountain region. 

(2) At the beginning of Laramide time, the 
dominant force in the crust probably was from 
the west or southwest. Even though many ex- 
ceptions may be cited, evidence indicates that 
in its early stages, deformation in the crust of 
western North America ‘‘advanced”’ generally 
toward the east. 

(3) With the application of compressive 
force on the crust of the Yellowstone-Bighorn 
region, the Beartooth block began to rise, and 
adjacent areas, like the Bighorn basin and the 
Crazy Mountain basin, were depressed. The 
writers suggest that initially this area was 
gently folded and that uplift and depression of 
crustal blocks, probably influenced by elements 
of basement anisotropism, followed. 

(4) The writers suggest that plastic flow, in- 
volving the currentlike transfer of subcrustal 
material, became operative after the incipient 
rising, sinking, or tilting of blocks. Movement 
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would, of course, have been from beneath sink- 
ing blocks toward and under adjacent rising 
blocks. Hydrostatic pressure supported the 
blocks and also, possibly, caused the blocks to 


FOOSE ET AL.—BEARTOOTH MOUNTAINS, MONTANA AND WYOMING 








(6) Erosional shifting of material from 
uplifted block increased the isostatic rise of 
block, acting in addition to the main forces 
compression and the pressure created by plas 


















rise higher. Field relationships suggest that flow. Soc 
crustal movement was dominantly vertical; a (7) Throughout the developing deformatiog — !? 
large horizontal component of movement must _ of the block, the overlying veneer of sedimen§ — 19 
have been operative simultaneously in the tary rocks behaved in response to the move cos, ] 
deeper region of plastic flow. ments of the basement below, arching, drapj Hil 
(5) When the rising Beartooth block, breaking, slumping, and sliding, especi 193 
bounded mainly by vertical or very steep along and near the high, frontal edge of thi pake, C 
faults, attained considerable structural relief, block. These rocks contributed very little Jou 
none of the sides of the upper part of the block the deformation of the block itself but werf — 19: 
were supported or confined. Apparent spread- disrupted by their response to the movemen | 
ing of the block began asa result of lack of con- _ of the block. Inevitably gravity played ani o 
finement. Thereafter a dominant force along _ portant role in controlling the final resting “ 
the frontal edge of the block was gravity. Con- _ of erosionally detached masses and structural! __ “As 
tinuing compressive forces from the southwest _ broken pieces of the sedimentary veneer, 1s 
through the Beartooth block contributed to (8) The writers suggest that the Laramidg more 
the major thrusting along the east and north- orogenic movements terminated when eax Bul 
east sides of the block. Logically, the upper west compression ceased and/or when thf Dobbin, 
part of the vertical bounding faults were Beartooth block could no longer be mai and 
modified by newly developing thrusts with hydrostatically. Sur 
varying angles of dip toward the massif. es 
Vv. 
Eardley, 
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Abstract: Cenozoic eruptive rocks and terrestrial 
sediments were deposited on a structurally complex 
basement of Precambrian, Paleozoic, and Mesozoic 
rocks in the Yellowstone Park region. Eruption of 
lower Cenozoic andesitic breccias and tuffs appears 
to have been cyclic, for the pyroclastic rocks be- 
come more mafic up-section with an increase in the 
relative abundance of breccia beds and decrease in 
tuff units. As each cycle proceeded, less silicic and 
more mafic material was ejected. The writer sug- 
gests that the cycles represent periodic tapping and 
drawing off of an upper, volatile-rich fraction of the 
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Cenozoic Stratigraphy and Structural Geology, 
Northeast Yellowstone National Park, 


source magma. A major hiatus separates the lower 
Cenozoic rocks from upper Cenozoic rhyolites and 
associated rocks in northern Yellowstone Park 
which are believed to be Pliocene and younger. 
At least five phases of deformation can be recog- 
nized in the map area: (1) Precambrian meta- 
morphism, (2) Lancian to early Eocene Laramide 
folding and faulting, (3) middle Eocene fracturing 
and normal faulting, (4) post-middle Eocene pre- 
late(?) Pliocene normal faulting, and (5) post-late(?) 
Pliocene normal! faulting of rhyolitic welded tuffs. 
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INTRODUCTION 


Geographic Setting 

Yellowstone National Park is chiefly a 
forested volcanic plateau, 3348 square miles in 
area and 7000-9000 feet above sea level (Pl. 1). 
Mountain ranges rim three sides, rising 2000- 
5000 feet above the plateau. On the west, the 
plateau drops abruptly 1000 feet to the Snake 
River plain. 

This report concerns 430 square miles of 
maturely dissected terrain in northeast Yellow- 
stone Park. The region is drained by the Yel- 
lowstone and Lamar rivers and their many 
tributaries. Northeast Yellowstone Park and 
the adjacent country to the east offer unique 
contrasts in topography where the alpine sculp- 
tured Absaroka Range adjoins the youthfully 
dissected planation surface of the Beartooth 
uplift (Pls. 2, 6). 

Between the Beartooth-Absaroka terrane 
and the northern edge of the Yellowstone 
rhyolite plateau, the country is maturely 
eroded, glaciated, and characterized by rolling 
hills and broad valleys. Locally the rivers course 
through steep-sided canyons. Soda Butte Creek 
valley and its tributaries are typical of the ice- 
sculptured high Absorokas. Postglacial landslip 
debris derived from high ridges of Cenozoic 
breccia breaks the U-shaped contour of some 
of these valleys and locally dams drainage 
courses. 


Previous Work 


Hague et al. completed reconnaissance geo- 
logic mapping of the Yellowstone region in 
1896. Jones and Field (1929) and Howard 
(1937) conducted geomorphic studies in the 
Yellowstone valley. Howard focused considera- 
ble attention on stratigraphic relations of upper 
Cenozoic rocks in the Tower Junction area. 
Wilson (1934a; 1934b) investigated structural 
and stratigraphic problems in the Gardiner, 
Montana, area. B. E. Macomber (1956, M.A. 
thesis, Northwestern Univ.) described the 
geology of the Soda Butte area. Hamilton 
(1959) speculated on the petrogenesis of the 
Yellowstone rhyolitic rocks, and F. R. Boyd 
(1961) studied the petrology of the plateau 
rhyolites in detail. Paleobotanical studies are 
being conducted on the fossil floras of the 
Absaroka volcanic rocks by Erling Dorf 
(1960). 
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STRATIGRAPHY 


General Statement 


Precambrian, Paleozoic, Mesozoic, and Ceno- 
zoic rocks total more than 13,800 feet in the 
map area. Precambrian gneisses and schists of 
the Beartooth Mountains crop out as a high 
plateau, the margin of which is deeply dissected 
by south-flowing tributaries of the Yellowstone 
and Lamar rivers. Lower Paleozoic marine 
rocks and Cenozoic volcanic ejecta lie uncon 
formably on the plateau surface and lower ter 
races. The Precambrian rocks of Buffalo 
Plateau and the highlands west of Hellroaring 
Mountain are intensely contorted and frac- 
tured. Near Gardiner, Montana, they are 
thrust over upper Cretaceous sandstones and 
shales. In the eastern part of the map are 
volcanic ejecta of the Absaroka Range cover 
the Precambrian rocks. 

The Paleozoic sedimentary rocks are chiefly 
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iniddle and late Cambrian Flathead, Wolsey, 
Meagher, Park, Maurice, Snowy Range, and 
rove Creek formations. These, in turn, are 
verlain by the Ordovician Bighorn formation, 
the Devonian Jefferson formation, and the 
Mississippian Madison group limestones. Penn- 
kvlvanian Amsden(?) beds crop out in an 
isolated fault block 7 miles southeast of 
Gardiner, Montana, at Tiger Hill. 

Clastic marine and terrestrial rocks character- 
ie the Mesozoic section in the Mount Everts 
area. On the west face of Mount Everts, coarse 
castics of the Mesaverde group overlie the 
Mowry, Frontier, and Cody formations. Iso- 
ted outcrops of the Ellis and Morrison(?) 
formations were found in the fault complex 
with Amsden(?) strata. 

Cenozoic rocks in northern Yellowstone 
Park consist mainly of ash, tuff, and breccia 
ysociated locally with basaltic lavas and fluvial 
gravels. Members of early field parties (Hay- 
den, 1872; Jones, 1875) recognized the volcanic 
rocks of the Yellowstone-Absaroka region. 
Hague et al. (1896) subdivided the volcanic 
rocks in terms of distinctive petrographic 
characteristics, and his names (early acid 
breccia, early basic breccia, etc.) have become 
entrenched in the literature (Fig. 1). Although 
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passing all the Yellowstone-Absaroka region 
rather than from a local study such as this one. 
Use of Hague’s nomenclature, plus terms intro- 
duced by Howard (1937) and Boyd (1961), 
Kdoes not restrict geologic interpretation of the 
rocks in question. 

Measured sections (Pl. 1) have been filed 
with the ADI Auxiliary Publications Project, 
Photoduplication Service, Library of Congress, 
Washington 25, D. C.1 


Nomenclature of the Pyroclastic Rocks 


The writer follows Williams e7 a/. (1954) in 
cassifying pyroclastic rocks. R. L. Hay’s 
(1952, Ph.D. thesis, Princeton Univ., p. xi-xii) 
criteria for differentiating silicic, mafic, and 


fistermediate rock types were applied in the 


map area with slight modification. Terms de- 
seibing compositional variations of the pyro- 
clastic rocks follow. 


__ 


'To obtain photoprints or 35-mm microfilm, cite 
Koc. #6775, remit $1.25. Make checks payable to Chief, 
Photoduplication Service, Library of Congress. 
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Rhyolitic tuff: Chiefly glass shards with phenocrysts 
of quartz, sanidine, Na plagioclase, rare augite, 
magnetite, and zircon; 69-78 per cent SiO2 

Trachyrhyolitic tuff: Similar to rhyolitic tuff but 
free quartz is absent, sanidine is abundant; 64-69 
per cent SiO 

Quartz dacite porphyry tuff: Dacite crystal tuff with 
abundant quartz phenocrysts, common biotite, 
rare hornblende; +67 per cent SiO2 

Dacite tuff or breccia: Biotite-rich tuff or breccia 
with common or abundant hornblende, very rare 
pyroxene and quartz phenocrysts; 67 per cent 
SiO2 

Acid andesite tuff or breccia: Hornblende and biotite 
the most common mafic minerals, pyroxene rare 
but usually present; groundmass may centain 
rare quartz; 62-67 per cent SiOe 

Medium andesite tuff or breccia: Pyroxene the most 
abundant mafic mineral, some hornblende, very 
rare olivine; 56-62 per cent SiO» 

Basaltic andesite tuff or breccia: Pyroxene abundant, 
olivine common; plagioclase approximately 
Ange; abundant magnetite crystals occur in a 
dark brown groundmass; 52-56 per cent SiO» 


Sedimentary rocks with pyroclastic material 
incorporated from direct ashfall or reworking 
are called volcanic conglomerates, sandstones, 
and mudstones. The use of mafic minerals in 
correlation of pyroclastic rocks has limitations, 
owing to the susceptibility of these minerals to 
uneven subaerial distribution and postdeposi- 
tional alteration. However, the gross composi- 
tion of a bed could be determined by examina- 
tion of 10-20 specimens from that bed, which 
permitted detection of uneven distribution of 
phenocrysts and differential weathering. More 
commonly, 5-10 specimen analyses sufficed. 


Lower Cenozoic Rocks 


Crandall(?) conglomerate. Pierce (1957) 
named the Crandall conglomerate from ex- 
posures on the south side of Crandall Creek, a 
tributary of the Clarks Fork of the Yellow- 
stone, 12 miles east of Yellowstone Park. In the 
type area, the Crandall conglomerate is a 
coarse stream-channel deposit composed chiefly 
of pebbles, cobbles, and boulders of pre- 
Pennsylvanian carbonates and basement rocks. 
The type Crandall conglomerate is overlain by 
early acid breccia, and its structural and strati- 
graphic relations suggest that the deposit is 
early Eocene (Pierce, 1957, p. 613). 

A massive gneiss-schist boulder conglomerate 
crops out in the Yellowstone River canyon be- 
tween Hellroaring and Elk creeks (Pl. 1, 
measured section |). The conglomerate beds are 
virtually flat-lying and are exposed in near- 
vertical walls, 109 feet high, for 1.3 miles up- 
stream from the mouth of Hellroaring Creek. 
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These rocks appear to fill a channel cut in the 
Precambrian metamorphic rocks of the Bear- 
woth uplift, and they are overlain uncon- 
formably by early acid breccia. The conglomer- 
ate consists of tan to gray, well-rounded gneiss, 
ghist, and rare quartzite boulders in a tan to 
say matrix of coarse arkosic wacke. Some 
boulders are as large as 8 feet in diameter. 
Sparse thin sandstone lenses and silty micace- 
ous shales were seen in the deposit. Volcanic 


_| materials were conspicuously absent. The for- 


mation was not observed elsewhere in the map 
area. 

The writer correlates this conglomerate with 
Pierce’s Crandall conglomerate to the east, sug- 
gesting genetic similarity and probable con- 
tmporaneity but not physical continuity. 
The Crandall(?) conglomerate in the map area 
is fractured: joint planes cut boulders and 
matrix alike. The overlying early acid breccia 
shows weak jointing parallel to the fractures in 
the Crandall(?) conglomerate and Precambrian 
rocks. Major joints in the conglomerate do not 
pass into the overlying volcanic rocks. 

Fragmentary fossil leaves from the Cran- 
dall(?) conglomerate include Chrysobalanus(?) 
lanceolatus Knowlton (Paleocene), Rhammus 
belmontensis Knowlton and Cockerall (late 
Cretaceous to Eocene), and Juglans rugosa 
Lesquereux (Paleocene to Eocene). A large 
collection of fossil leaves from early acid 
breccia immediately above the Crandall(?) 
conglomerate is late early Eocene (Dorf, 1960). 

Other coarse lower Cenozoic conglomerates 
in the Yellowstone Park region, found close to 
the margins of uplifted Laramide ranges, con- 
ist largely of material derived from the range 
cores and show some deformation (Peale, 
1896; Love, 1947; 1956b; J. A. Mann, 1950, 
Ph.D. thesis, Princeton Univ.; Scholten e ai., 
1955). Although the rocks near the mouth of 
Hellroaring Creek resemble these conglomer- 
ate, they are correlated specifically with 
Pierce’s (1957) Crandall conglomerate for the 
following reasons. Both crop out on the flank 
of the Beartooth uplift and are overlain by 
arly acid breccia. The conglomerate in the map 
area is almost certainly a stream deposit, as is 
the Crandall conglomerate. They are composi- 
tionally similar, and both units appear to be 
latest Paleocene or early Eocene in age (Pierce, 
personal communication, 1959). 

Early acid breccia. Named by Hague et al. 
(1896), the early acid breccia is the oldest 
stratigraphic unit in the Cenozoic pyroclastic 
sequence of Yellowstone Park. These rocks are 
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light-colored tuffs and breccias characterized 
by an abundance of biotite, quartz, and horn- 
blende phenocrysts. They are finer textured 
and have a higher silica content than the over- 
lying darker, more mafic, pyroxene-rich andes- 
ite breccias and tuffs which Hague called the 
early basic breccia. 

The early acid breccia is typically exposed in 
the vicinity of Crescent Hill (Pl. 1, measured 
section 1) in a section about 1550 feet thick. 
The basal dacite breccia has common gneiss and 
schist fragments from the Precambrian base- 
ment complex. Fragments of Paleozoic rocks 
are less common, although they are abundant 
in the early acid breccia of the Crandall quad- 
rangle east of Yellowstone Park (Rouse, 1937, 
p. 1264). The basal dacite breccia is overlain 
by a thick sequence of dacite crystal and vitric 
tuffs, lapilli tuffs, and sparse breccia beds. 
Quartz dacite porphyry tuffs are found locally. 
Acid andesite and dacite breccias are more 
common in the upper part of the Crescent Hill 
section than in the lower part. Porcellanites 
are common in the lower 200 feet and upper 
400 feet of the section. Red-brown to black 
andesitic Crescent Hill basalt caps the Crescent 
Hill section. Other outcrops of early acid 
breccia are found at Specimen Ridge, in the 
Lamar River valley near the mouth of Slough 
Creek, and in Cache Creek valley (Pl. 1). A 
massive volcanic-boulder conglomerate, 10 feet 
thick, underlies quartz dacite porphyry crystal 
tuffs on the north side of the Lamar River, 
0.25 miles above the mouth of Slough Creek. 
The conglomerate is composed of silicic vol- 
canic rocks with lesser amounts of gneiss, schist, 
and quartzite. Thin cross-bedded plant-bearing 
sandstone beds occur in the middle of the 
section. The volcanic conglomerate is assigned 
to the early acid breccia rather than the 
Crandall(?) conglomerate because of the 
abundant volcanic material present. 

One aim of the present investigation was to 
clarify the contact relationship between the 
early acid and early basic breccias. Hague et al. 
(1896, p. 6; 1899, p. 270) indicated that in some 
areas the contact was gradational and in others 
it was erosional. Rouse (1937, p. 1265) at- 
tributed the patchy distribution and variable 
thickness of the early acid breccia to widespread 
erosion before the early basic breccias were 
erupted. Hay (1956, p. 1885), from a brief 
reconnaissance of the Tower Junction area in 
Yellowstone Park, suggested that stratigraphic 
relationships of the early acid and early basic 
breccias appeared more complex than Hague 
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et al. (1896) indicated. He reported (p. 1885) 
that rocks of dacitic composition, mapped as 
early acid breccia, contained volcanic con- 
glomerates of andesitic composition similar to 
those in the early basic breccia. Hay concluded 
that possibly all or part of the early acid breccia 
interfingers with early basic breccia and that 
the two units are equivalent to interfingering 
dacitic and andesitic beds in the Pitchfork 
formation of the southeastern Absaroka Moun- 
tains. 

The writer mapped the Tower Junction area 
in detail and found volcanic conglomerate 
(dacitic composition) at only one locality in 
the early acid breccia. This is the conglomerate 
noted earlier along the Lamar River near the 
mouth of Slough Creek. Andesitic pyroclastic 
material was found in the dominantly dacitic 
sequence of the early acid breccia. However, 
these rocks are the acid andesite eruptive facies 
common to the upper part of the early acid 
breccia throughout the map area. Hague et al. 
(1899, p. 270, 271, 274) recognized these rocks. 
Westward from the summit of Crescent Hill 
along the old Mammoth-Tower road the early 
acid breccia ranges from quartz dacite porphyry 
to dacite to acid andesite in composition up- 
section. The acid andesite breccias and tuffs 
(intermediate pyroclastic facies) are lithologi- 
cally similar to a ‘“‘transitional lithology” 
Rouse (1937, p. 1265) described in the upper 
part of the early acid breccia in the Absaroka 
Mountains east of Yellowstone Park. 

The writer observed the contact between the 
early acid breccia and overlying early basic 
breccia at six localities (Pl. 1). 

At the base of a ridge separating Blacktail 
Deer Creek drainage from Geode Creek drain- 
age, 2.6 miles N. 10° W. from Prospect Peak, 
acid andesite breccias are conformably overlain 
by medium andesite and basaltic andesite 
breccias. The contact is sharp, occurring at the 
boundary between two distinct beds. 

Two elongate outcrops of basaltic andesite to 
medium andesite breccia cap a divide of dacite 
to acid andesite tuffs and breccias between Elk 
Creek and Geode Creek drainage basins, 2.5 
miles N. 20° E. from Prospect Peak (PI. 3, fig. 
1). This contact can be traced southeast for 1.4 
miles, thence north and northeast down the un- 
named creek valley between Elk Creek and the 
stream that flows to the head of Lost Lake 
meadow. The contact is apparently erosional 
in this area but is lost in the forested slopes of 
the lower valley. Hills on the sides of the valley 
are composed of flat-lying early acid breccia 
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The creek appears to flow along the contagfglt. E 
between the two formations. 
The contact between the early acid brecg 
and the early basic breccia is exposed at 
northwest end of Specimen Ridge (Pl, |, 
measured section 2). Interbedded quartz dag) 
porphyry, dacite, and acid andesite tuffs ang 
breccias grade upward to predominantly daciti 
beds which are conformably overlain yf {om 
medium andesite breccias. A bedding-playel goria 
contact separates the two formations. 
Approximately 500 yards southeast of meg.) Ho 
ured section 2, on the northeast face of Speci- salt 
men Ridge, the early acid breccia is in erosional} shows 
contact with early basic breccia. Horizont} concu 
beds of medium andesite breccia abut agains} Cresc 
horizontal beds of acid andesite crystal tuff} can be 
underlain by dacite vitric to crystal tuff. 
Horizontal beds of medium andesite crystal} sraph 
tuff overlie quartz dacite porphyry crystal nromi 
tuffs with erosional unconformity near Quartz arly 
Creek, 2.1 miles S. 55° E. from Tower Fall, 
In Cache Creek valley, the contact is grade- parall 
tional from dacite and acid andesite breccia to} not s 
medium andesite breccia in a vertical interval} brecci 
of 30 feet. Locally the contact is unconformable} the w 
(B. E. Macomber, 1956, M.A. thesis, North defini 
western Univ., p. 41-42). pre-ea 
These observations confirm the conclusions} Ear 
of Hague et al. (1896; 1899). The contact gray. 
between the early acid and early basic breccias brec 
is conformable in some areas and unconformable 
in others. The writer could not find any field 
evidence to support Hay’s (1956) suggestion o 
interfingering. é 
Fossil floras from the early acid breccia indi- 
cate a late early Eocene age for these eruptive 
rocks (Dorf, 1960). This suggests that the early§ chi 
acid breccia correlates with part of the Tatman 
formation, uppermost Willwood formation§ 
and lower Pitchfork formation of the Big Hom 
Basin. In the Wind River Basin, dacitic pys (Pl. 


(northwest) and early basic breccia (southeast); 























the Aycross formation appear to be equivalentf comm 
to the early acid breccia of Yellowstone Park§ brecci: 
Dacitic and acid andesite tuffs interbeddedf basic 
with claystones, sandstones, and conglomerates 
3 miles south of Togwotee Pass represent thef origin 
first Eocene volcanic activity in the Jackson{ may o 
Hole area and may be contemporaneous with} Reg 
the early acid breccia to the north (Love}maxim 
1956b, p. 85). 
Crescent Hill basalt. Howard (1937, p. 18)f (Rous 


renamed the basalts overlying early acid breccufis 300 








(southeast) in the Crescent Hill area the Crescent Hill ba- 

the conta git. Hague e¢ a/. (1896) originally mapped these 
wcks as ‘“‘post-rhyolite Recent basalt.” The 

acid breccigf salt is typically exposed at the summit of 

osed at the Crescent Hill. 

dge (PL |} The Crescent Hill basalt, a fine-grained to 

uartz dacitd porphyritic andesitic basalt flow as much as 60 






et thick, crops out as erosional remnants cap- 
antly daciticl ping hills of early acid breccia. The flow differs 
verlain by} from other basaltic lavas in the area by being 
ding-playe| oriaceous to pumiceous in the upper part and 
Ns. commonly sheared and silicified. 
ast of mea-| Howard (1937) regarded the Crescent Hill 
ce of Speci-} tasalt as older than the rhyolites because it 
in erosion} shows more extensive deformation. The writer 
Horizontal} concurs and believes that the position of the 
but agains} Crescent Hill basalt in the stratigraphic column 
crystal tuff] can be further defined using the amount of de- 
I tuff. formation as a criterion. Study of aerial photo- 
esite crystalf eraphs of the Crescent Hill area indicates a 
Yry crystal} prominent rectangular joint pattern in the 
rear Quartz} early acid breccia and Crescent Hill basalt. 
wer Fall, | [ocal fault and shear patterns in the basalt 
ict is gradz-} parallel this joint system. The joint system is 
e breccia tof aot seen in adjacent outcrops of early basic 
cal interval] brecciaand the Yellowstone tuff. Consequently, 
onformable} the writer regards the Crescent Hill basalt as 
-sis, North-| definitely post-early acid breccia and probably 
pre-early basic breccia. 

Early basic breccia. Red-brown and dark- 

gay medium andesite and basaltic andesite 
iasp breccias and tuffs constitute the major part of 
onformable} the Absaroka and Washburn ranges in northern 
id any field Yellowstone Park. Locally, these deposits con- 
tain volcanic conglomerates and sandstones. 
Hague et al. (1896) named these rocks the early 
indi-f basic breccia. 
In the map area, the early basic breccia is 
at the earlyg chiefly layered medium andesite breccia and 
he Tatmanf tuff which becomes more mafic up-section. 
formation} Unusually fine exposures can be seen at 
e Big HomfBaronett Peak in Soda Butte Creek valley 
icitic pyro (Pl. 3, fig. 2). Coarse breccias are more common 
in thef in the early basic breccia than in the underlying 
ver part olfearly acid breccia. Basaltic andesite lavas are 
equivalenif commonly intercalated with basaltic andesite 
tone Park breccias and tuffs in the upper part of the early 
aterbedded§ basic breccia. Contorted basal beds in Soda 
glomeratef Butte Creek valley suggest possible mudflow 
resent theforigin for that part of the section, but they 
he Jacksonf may only indicate local slumping. 
neous with} Regionally, the early basic breccia attains a 
‘th (LoveJmximum thickness of 5500 feet near Dead 
Indian and Trout peaks east of the map area 
(Rouse, 1937). Locally, the early basic breccia 
3000 feet thick at The Thunderer on the 
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)37, p. 18) 
cid breccia 
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southeast side of Soda Butte Creek valley (PI. 
1). At Fossil Forest in the Lamar River valley 
(Pl. 1, measured section 4), the early basic 
breccia consists of about 1400 feet of medium 
andesite breccias and tuffs overlain by 250 feet 
of basaltic andesite breccia and tuff. The 
basaltic andesite facies continues another 1000 
feet above the Fossil Forest section to the sum- 
mit of Amethyst Mountain: the coarse pyro- 
clastic rocks there resemble the chaotic debris 
which forms the bulk of Mount Washburn 8 
miles to the southwest. The early basic breccia 
is overlain locally by the early basalt sheets and 
younger rocks. 

One of the more remarkable chapters of 
earth history is exposed for the trained reader 
at Fossil Forest. Periodic breccia and ash 
eruptions buried successive forests during Eo- 
cene time; the forest remains are now silicified 
and exposed on the steep slopes overlooking the 
Lamar valley. Jones (1875) made brief mention 
of abundant fossil wood near Specimen Ridge, 
and Holmes (1883) brought the fossil forests of 
the Lamar valley to scientific attention. Knowl- 
ton (1921) described the section in detail, re- 
porting 12 forest levels. The size of the en- 
tombed pines and sequoias suggested to Knowl- 
ton that each forest level required 200 to 1000 
years to attain maturity. He estimated (p. 27- 
28) that the forests flourished for 2400 to 
12,000 years. 

The writer measured the Fossil Forest section 
in detail and recorded 27 forest levels (meas- 
ured section 4). Criteria for determining a 
given forest level in the breccia and tuff se- 
quence included the expansion of the base of an 
upright tree trunk immediately above the root 
system and an abundance of fallen logs at a 
given stratigraphic level. This writer suggests 
that the Fossil Forest section represents 5400 
to 27,000 years of intermittent volcanic erup- 
tion and forest development. 

Fossil leaves from the early basic breccia indi- 
cate middle Eocene age (Dorf, 1960). This 
would make the early basic breccia equivalent 
to part of the Pitchfork formation in the Big 
Horn Basin and correlative with the Aycross 
and lowermost Tepee Trail formations of the 
Wind River Basin. 

Early basalt sheets. A sequence of orthoclase- 
bearing porphyritic basalts 700-1000 feet thick 
overlies early basic breccia and forms the east 
wall of Mirror plateau in the southeast part of 
the map area. These rocks are also typically 
exposed on The Thunderer. Hague ef al. (1896) 
named these flows the early basalt sheets. 
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Similar basalts of the Absarokite-Shoshonite- 
Banakite clan cap high peaks and divides in 
the northern Absaroka Mountains. These rocks 
can be traced southward to Pyramid Peak, east 
of Yellowstone Lake, where late acid breccia 
overlies them (Hague et al., 1896). 

Late acid breccia and late basic breccia. The 
eruptive rocks which Hague et al. (1896) 
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(Chadron) vertebrate fossils (Love, 1956b, p 
88). 


Upper Cenozoic Rocks 


Discussion. Deposits which postdate th 
early breccia sequence, and presumably the 
late breccias, include basaltic lavas, rhyolitic 
and trachyrhyolitic welded tuffs, fluvial ang 






































Figure 2. Exhumation of fossil valleys, Yellowstone Na- 


tional Park 


mapped as late acid breccia and late basic 
breccia were not observed in the map area. 
South and east of the map area, they are over- 
lain by andesitic flows and represent a second 
cycle of eruptive activity similar to that indi- 
cated by the early acid and early basic breccias 
in northern Yellowstone Park. Dorf (1960, 
personal communication) indicated that pre- 
liminary examination of fossil floras from the 
late breccias suggests late Eocene or early 
Oligocene age. In the Mink Creek area of 
northern Teton County, Wyoming, 3-5 miles 
south of Yellowstone National Park, rocks 
mapped earlier as late basic breccia (Hague et 
al., 1896), but now included in the Wiggens 
formation, contain abundant early Oligocene 





lacustrine sediments, glacial till, landslip and 
hot-springs deposits, and valley fill. Preglacul 
rocks are difficult to correlate, in part, becaus 
of scattered outcrops, absence of fossils, and 
lack of distinguishing characteristics of the 
intercalated basaltic lavas. Correlations ar 
based on similar lithologies and_ thicknesses 
position in similar sequences, relative structurl 
disturbance, derived conglomeratic materia 
and topographic position. Stratigraphic inter 
pretation depends in part on geomorphic 
interpretation of drainage history in the Ye 
lowstone and Lamar river valleys. Jones andj 
Field (1929, p. 270-271) believed that all th 
‘Recent basalts” postdated the plateau rhye 
lites because the basalts are apparently 
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stricted to the present valleys of the Yellow- 
stone and Lamar rivers which are cut in the 
rhyolite plateau. Howard (1937) rejected the 
possibility of postrhyolite exhumation of the 
fossil Lamar valley. Boyd (1961, p. 396) ad- 
vanced the hypothesis that present topography 
in parts of the Yellowstone river valley is ex- 
humed pre-Yellowstone tuff topography. The 
writer arrived at the same conclusion in his 
area to the north of Boyd’s area. Increased 
thickness of Yellowstone tuff along the present 
courses of Agate, Lost, Tower, Blacktail Deer, 
and Lava creeks in the map area suggests that 
drainage may have existed along these same 
courses prior to the eruption of the rhyolitic 
tuffs. As Boyd noted, compaction of the tuff 
deposit over subjacent topography (Fig. 2) 
would concentrate new drainage over the 
ancient valley axes. Physical correlations all 
point to a pre-Yellowstone tuff age for the 
basalts in the Tower Junction area, thereby 
supporting the ‘‘exhumation hypothesis.” 

Figure 3 indicates the upper Cenozoic 
sections examined in the Tower Junction area. 
Correlations relate the various outcrops to the 
excellent exposures in the Yellowstone River 
canyon near Tower Fall (PI. 4). 

Early canyon basalt. Hague et al. (1896) 
named the lower flows in the Tower Fall area 
the early canyon basalt. The flows are finely to 
coarsely crystalline, pyroxene- and olivine- 
porphyry basalts, about 30 feet thick in the 
canyon exposures. The lower part is columnar, 
and the upper part is characteristically blocky. 
In some places along the canyon the blocky 
part has been eroded away prior to deposition 
of the overlying Tower Creek conglomerate. 

The fact that early canyon basalt is absent 
on the west side of the canyon at Tower Fall 
suggests that the flow seen on the east side lies 
on an old east-facing terrace cut in the early 
basic breccia. Terrace cutting probably oc- 
curred when the Yellowstone River occupied 
the now till-blocked canyon 0.5 miles east of 
its present course (Howard, 1937, p. 38), prior 
to aggradation of the valley that came with 
deposition of the Tower Creek conglomerate. 
At the northern end of the canyon exposures, 
early canyon basalt crops out at the same eleva- 
tion on both sides of the river. On the east side 
the basalt is overlain by Tower Creek con- 
glomerate which is absent or masked by glacial 
till on the west side. Here, the early canyon 
basalt is at the same elevation as a similar flow 
that crops out beneath Lost Creek tuff on the 
north side of Specimen Ridge, 1.5 miles east- 
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southeast across the preglacial Yellowstoy, 
River valley. Howard (1937, p. 33) mapped th 
basalt near Specimen Ridge as Elk Creek fy! 
salt, but the writer believes that in terms 
petrographic similarity, proximity, and 
graphic position in the ancestral Yellowston 
valley the rocks are early canyon basalt. They 
relationships are important in that they fix th 
age of the Lost Creek tuff as post-early canypp 
basalt. 

In the vicinity of Tower Junction, will 
other basalts are mapped as early canyon bast 
largely in terms of their position beneath Towe, 
Creek conglomerate or Lost Creek tuff. Petro. 
graphically, they all are similar to the typical 
early canyon basalt. 

Lost Creek tuff. Scattered outcrops of buff 
to yellow-weathering purple and gray welded 
tuff are found in the Tower Junction area (P|, 
1). Petrographically, the rock resembles the 
dacitic facies of the early acid breccia but i 
rich in sanidine and does not contain free 
quartz. Plagioclase phenocrysts are commotly 
decomposed, and biotite is very rare. The 
groundmass of the tuff consists cheifly of vitric 
shards with some pumiceous lithic fragments 
and the shards have the characteristic eutanitic 
structure of welded tuffs. A few pieces of 
charred wood were found in the tuff at one out- 
crop. The tuff is chemically intermediate be- 





tween rhyolite and trachyte (Hague et al, 
1899, p. 324). It is typically exposed at Lost 
Creek meadow, at the south end of Garnet 
Hill, at the northeast base of Crescent Hill, and 
on the north side of Junction Butte. The 
is 40-45 feet thick at maximum. . 

Originally, the Lost Creek tuff was called 
“‘trachytic rhyolite’ (Hague et al., 1896). 
Howard (1937) named the unit the Lost Creek 
trachyte, and the present writer has modified 
this to clarify the pyroclastic origin of the rock 

Hague e al. (1896) suggested that th 
“‘trachytic rhyolite’ was younger than th 
early basic breccia and older than the eatly 
basalt sheets. Howard (1937, p. 25-26) indi 
cated that the Lost Creek ‘‘trachyte” wa 
younger than Elk Creek basalt and older than 
the plateau rhyolites. The writer agrees with 
this and would further define the age of the 
Lost Creek tuff, based on sections in the Tower 
Junction area, as post-early canyon basalt, pre 
late canyon basalt, and possibly pre-Tower 
Creek conglomerate. Howard’s Elk Creek be 
salt is regarded as part of the early canyon} 
basalt sequence. 

Tower Creek conglomerate. Hague é @ 
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Figure 1. Base of 150-foot cliff of columnar welded tuff. Lower 17 feet of section 
highly vesicular. Vesicles flattened to approximately 0.5 by 1.5 inches 
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graph of typical Yellowstone tuff showing annealed and flattened shards, pumice 


Figure 2. Photomicro 
fragments, and quartz phenocrysts: plain light 
YELLOWSTONE TUFF, LOST CREEK VALLEY 
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(1896) named fluvial gravels in the walls of the 
Yellowstone River canyon near Tower Fall 
“canyon conglomerate.” Hague et al. changed 
the name to Tower Creek conglomerate in 
1904 (Wilmarth, 1938, p. 2173). 

The Tower Creek conglomerate is a friable 
boulder and cobble deposit consisting largely 
of fragments of Precambrian gneiss, schist, rare 
Paleozoic(?) quartzites, and some volcanic ma- 
terial. The conglomerate ranges in thickness 


-| from 150 feet on the east side of the canyon to 


4) feet on the west side. Farther downstream, 
at Baronett Bridge, the unit is 25-30 feet 
thick. Howard (1937, p. 44, 51-53, 62) re- 
ported fragments of rhyolite in the Tower 
Creek conglomerate, but the writer and his 
colleagues failed to find rhyolitic pebbles in 
these beds on the east and west sides of the 
anyon. The pyroclastic rocks noted were 
imilar to material in the early acid and early 
basic breccias. For the most part, the pyro- 
clastic rocks were deeply weathered, and spe- 
cific identification was impossible. Hague ez al. 
(1896, p. 3) also reported that in spite of careful 
sarch they failed to find rhyolitic pebbles in 
the conglomerate. This discrepency between 
Howard’s and the writer’s findings cannot be 
resolved until both re-examine the outcrops 
together. However, even if the gravels contain 
a small percentage of rhyolitic pebbles, this 
would not necessarily mean that the Tower 
Creek conglomerate was younger than the 
thyolitic welded tuffs in the map area. The 
tufls are only the northernmost extension of 
the welded tuffs that occur in the middle of the 
thick plateau rhyolites to the south (Boyd, 
1961). Rhyolitic pebbles in the Tower Creek 
conglomerate would suggest that some of the 
lower rhyolite flows to the south may be older 
than the conglomerate. 

Hague et al. (1896, p. 3) reported a verte- 
brate fossil, identified by O. C. Marsh as the 
remains of a Pliocene horse, from the Tower 
Creek conglomerate near Tower Fall. How- 
ever, no trace of the material exists at the 
National Museum (C. L. Gazin, personal com- 
munication, 1957), and J. T. Gregory (per- 
sonal communication, 1957) reported that the 
Peabody Museum of Natural History, Yale 
University, had no record of the fossil or 
correspondence between Marsh and Hague 
mentioning it. The writer believes that the 
reported fossil is probably valid, for indirect 
evidence suggests that this group of rocks in 


the Tower Fall area is probably Pliocene 
(Fig. 1). 


Late canyon basalt. The late canyon basalts 
(Hague et al., 1896) are petrographically similar 
to the early canyon basalts and include the 
thick flows at Overhanging Cliff, Basalt Butte, 
and Junction Butte. The two most important 
correlations in the late canyon basalt sequence 
are between the canyon exposures and (1) the 
flow capping Junction Butte and (2) the 
columnar basalts on the south flank of Buffalo 
Plateau (Fig. 3, sections 3, 4, 5, 13, 14, 15). 
These outcrops fix the age of the late canyon 
basalts as post-Lost Creek tuff and pre-Yellow- 
stone tuff. 

Yellowstone tuff. Rhyolitic welded tuff of 
the plateau sequence covers broad areas in the 
southwest part of the map. Boyd (1961, p. 393) 
named this unit the Yellowstone tuff. In the 
map area, the Yellowstone tuff is typically 
exposed on Mount Everts, 2 miles east of 
Mammoth Hot Springs, and at Lost Falls, 0.5 
miles south of Tower Junction (Pl. 5). Other 
excellent exposures can be seen in the Yellow- 
stone River canyon south of Tower Fall. 

Typical specimens of tuff are gray to laven- 
der, weathering purple to reddish brown. The 
rock is composed of sanidine and quartz pheno- 
crysts in a vitric groundmass of annealed and 
flattened shards with rare small oligoclase laths 
and magnetite inclusions. When the rock is 
composed chiefly of phenocrysts or is highly 
pumiceous it is dark gray and resembles basalt 
in outcrop. Examples of this are south of Ox- 
bow Creek between the west edge of the 
Crescent Hill basalt and the large area of 
Yellowstone tuff that surrounds the faulted 
blocks of Madison limestone (PI. 1). 

The Yellowstone tuff is about 100 feet thick 
on Mount Everts where it is underlain by a 
thin black obsidian layer and a 4—-8-foot bed of 
thinly laminated ash. At Lost Falls the tuff is 
more than 150 feet thick, and large flattened 
vesicles (1.5 by 0.5 inches) are abundant in the 
lower 17 feet of the section. Well-developed 
columnar joints extend from the bottom to the 
top of the cliff at Lost Falls. Thin sections of 
tuff taken at 15-foot intervals show no vertical 
variation in the degree of flattening of an- 
nealed shards in the section. 

The Yellowstone tuff overlies late canyon 
basalt and older rocks in the Tower Junction 
area. It is overlain by basalt flows south of 
Mount Everts in the west, and it is probably 
older than local flows in the Lamar River 
valley (Howard, 1937, p. 74). Fossils have not 
been reported from the Yellowstone tuff. In- 
direct evidence suggests that the Yellowstone 
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tuff in northern Yellowstone Park is possibly 
late Pliocene. As noted previously, Pliocene 
vertebrate remains were reported from the 
Tower Creek conglomerate (Hague et al., 
1896). The middle Pliocene Teewinot forma- 
tion in Jackson Hole contains rhyolitic tuff and 
is overlain by the Bivouac formation, a suc- 
cession of conglomerate, rhyolitic welded tuff, 
and pumicite of uncertain age (Love, 1956a, 
p. 1911). Scholten et al. (1955, p. 373-375) 
reported rhyolites of middle Oligocene and 
Pliocene-early Pleistocene age from the Lima 
region, Montana. Kirkham (1927, p. 37-38) 
suggested that the Pliocene-Pleistocene rhyo- 
litic ‘“Tertiary late lavas”’ bordering the Snake 
River plains of central Idaho were western 
extensions of the Yellowstone Park plateau 
rhyolites. The writer therefore suggests that 
the Yellowstone tuff is at least middle Pliocene 
and possibly late Pliocene. 

Post-Yellowstone tuff gravels and basalts. A 
fluvial gravel deposit, 20 feet thick, crops out 
beneath columnar basalt in the Lamar valley 
between the mouths of Cache and Soda Butte 
creeks. It contains pebbles of basaltic andesite 
breccia, basalt, and rhyolitic welded tuff (B. 
E. Macomber, 1956, M.A. thesis, North- 
western Univ., p. 111) and is possibly younger 
than the Yellowstone tuff. Basalts overlying 
the gravel are not displaced by faulting which 
affected the rhyolitic tuffs. South of Mount 
Everts extensive basalt flows overlie the Yel- 
lowstone tuff. 

Basalts of undetermined age. Many local out- 
crops of basalt cannot be referred to the Tower 
Fall section. The flows rest on terraces cut in 
Beartooth Precambrian rocks and early acid 
breccia along the Yellowstone valley. Other 
basalts of questionable age crop out above 
early basic breccia near the summit of Prospect 
Peak and in the upper reaches of Slough Creek 
valley. 

Glacial and postglacial deposits. Glacial till 
covers most of the map area but is mapped only 
where it completely masks the bedrock. Mo- 
raines have modified drainage patterns locally, 
the principal change occurring in the Tower 
Fall area (Howard, 1937, p. 92-124). Dam- 
ming of the Yellowstone River by the Lamar 
Glacier resulted in deposition of lacustrine sands 
and silts in the canyon lake. Remnants of these 
are mapped on the east side of the Yellowstone 
valley opposite Tower Fall. 

The glaciated contour of valleys in northern 
Yellowstone Park is altered locally by landslip, 
hot spring, and alluvial deposits. 
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Genests of the Pyroclastic Rocks 


The Cenozoic pyroclastic sequence in Y¢. 
lowstone Park is cyclic in part. Oldest rocks are 
dacite to acid andesite in composition followed 
by local andesitic basalt lavas. Medium andesite 
pyroclastic rocks grading to basaltic andesite 
ejecta, followed by local K-rich basaltic lavas, 
complete the cycle. The cycle repeats again 
within the late breccia sequence (Hague et al, 
1896; 1899). The eruptive sequence repre 
sented by the early acid breccia and early basic 
breccia went from silicic to mafic. The silicic 
eruptions were apparently more volatile than 
the mafic outpourings as the early acid breccig 
contains proportionately more ash than does 
the early basic breccia. The relative amount of 
ash in both units decreases up-section. 

In light of Kennedy’s (1955) concept of 
magmatic differentiation and distribution of 
volatiles in a magma chamber, the writer sug- 
gests that each eruptive sequence in the Y¢- 
lowstone Park region was initiated by periodic 
tapping and drawing off of the upper, volatile- 
rich, relatively silicic fraction of the source 
magma. As each cycle progressed, more mafic 
and less silicic material was ejected. Each cycle 
terminated with the extrusion of fluid basaltic 
lavas. Volcanic activity then ceased until 
further differentiation of the magma produced 
an upper volatile-rich fraction which later 
reached the surface and started a new cycle. 

The early and late andesitic breccias repre- 
sent a major period of eruption during early 
Eocene to early Oligocene time in the Yellow- 
stone region. The rhyolitic floods represent a 
second major eruptive period during possibly 
middle to late Pliocene time. Basaltic lavas 
were extruded intermittently between the two 
major episodes. In northern Yellowstone Park 
a limited trachyrhyolitic eruptive phase possi 
bly heralded the later rhyolitic eruptions. 

Larsen (1940) suggested that the magma of 
the Yellowstone-Absaroka petrographic prov- 
ince was derived from a parent basaltic magma 
through slow differentiation at great depth and 
that further differentiation at shallower depth; 
with crystal fractionation and assimilation of 
granitic material, produced magmas with com 
positions of the various rock types now e& 
posed. This hypothesis satisfies conditions for 
the lower Cenozoic andesitic and dacitic rocks 
and basalts; however, the vast quantity 
upper Cenozoic rhyolitic rocks is difficult to 
account for by this mechanism. 

Hamilton (1959) suggested that the plateau 
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Ayolites were the differentiated upper crust of 
:Duluth-, Wichita-, or Bushveld-type lopolith 
that has been forming in the Yellowstone region 
ince early Pliocene time. Hamilton’s hypothe- 
sis based on (1) local ophitic olivine basalts 
sociated with the rhyolites, (2) compositional 
jnilarity between the Yellowstone rhyolites 
ind “red rocks” of the Duluth, Wichita, and 
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compositional similarity between the Yellow- 
stone rhyolites and ‘‘red rocks” associated 
with lopoliths elsewhere. The analogy that the 
Yellowstone rhyolites are the differentiated 
crust of a lepolith is based, therefore, to a large 
degree on the assumption that the ‘‘red rocks” 
mentioned are really differentiated lopolithic 
facies. Field relationships of the Bushveld ‘‘red 
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Figure 4. Tectonic map, Yellowstone National Park region. Map area hachured. 


Data modified after King et al. (1949) 


Bushveld complexes, and (3) a lack of inter- 
mediate rock types in the Yellowstone rhyolite- 
walt assemblage. Of prime importance is 
Hamilton’s inference (1959, p. 225) that for- 
mation of the Yellowstone structural basin 
ocurred in Pliocene time, prior to eruption of 
the upper rhyolite flows, rather than as a result 
of Laramide tectonism followed by cauldron 
ubsidence related to eruption of the Absaroka 
Mountain sequence. Hague et al. (1896, p. 3) 
suggested that the rhyolites were deposited in 
{pre-existing structural and topographic basin. 
Stratigraphic relations between the rhyolitic 
tufls and older rocks in the map area lead the 
witer to agree with Hague. 

Hamilton (1959, p. 228) emphasized the 


rocks” (the tuffs and rhyolites of the Rooiberg 
series and the Red Granite) indicate that the 
Bushveld stratiform sheet was intruded, for the 
most part, between the Rooiberg series and the 
underlying Pretoria series, that the Red 
Granite was intruded into the complex and 
adjacent sedimentary and volcanic rocks after 
the complex had solidified, and that some of 
the granophyre associated with the norites in 
the complex is apparently metamorphosed 
country rock (Du Toit, 1926, p. 140; van 
Rooyen, 1951, p. 69; Du Toit, 1953, p. 181, 
185-186). Merritt (1958, p. 61) concluded that 
some of the Oklahoma granite masses in the 
Wichita Mountain region were batholiths and 
considerably younger than the gabbros, in 
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yhich differentiation produced olivine gabbro, 
ioctolite, diallage, gabbro, and anorthosite but 
jot rocks of granitic composition. The ‘‘red 
«cks” associated with the Duluth complex, as 
described by Grout (1918) and Grout and 
Longley (1935), intrude the gabbros and may 
ie the products of differentiation, although 
Grout (1918, p. 636) indicated that some of 
the Duluth ‘‘red rocks” resulted from the as- 
jmilation of sedimentary quartzites. 
Buddington (1959), in reviewing granite em- 
lacement, discussed many areas which had 
Cenozoic igneous activity similar to that in 
Yellowstone Park. Many eruptive rocks, in- 
duding rhyolitic, trachytic, andesitic, and ba- 
altic associations, in areas that have subsided 
are related to central parent stocks of granitic 
material. Structural troughs in New Zealand 
and northern Sumatra contain extensive rhyo- 
litic tuff deposits, about 1200-2000 cubic miles 
in volume, similar to the rocks of the Yellow- 
stone basin. According to Buddington (1959, 
p. 680-681), these rocks formed as the result 
of breakthrough of shallow magma underlying 
a pre-existing tectonic depression. Buddington 
(p. 740) indicated that some small epizonal 
plutons may be granitic, granophyric, or mon- 
wonitic differentiates of basaltic magma, but 


“.,. it seems essential that most of the sialic flows 
and stocks and all of the batholiths of the epizone 
originated from granitic magma of deep-seated 
origin... . If the granite originated as a differentiate 
of gabbroic magma in the mesozone or catazone, 
ata level above the source of the gabbroic magma 
itself, then bodies of gabbro at least 10 times as 
large as the granite plutons should be common in 
the mesozone or catazone of the orogens. Such 
bodies do not occur in appropriate volume in these 
zones as now exposed.” 


The present writer suggests that the late 
Cenozoic rhyolitic magmas of the Yellow- 
stone-Absaroka region were derived by the 
melting of pre-existing granitic rock at depth. 
Eruption and emplacement of the Yellowstone 
tuff is discussed in detail by Boyd (1961). Field 
work and petrographic examinations by the 
writer support Boyd’s conclusion that the 
Yellowstone tuff is probably a Katmian sand 
fow or froth flow deposit that had its source 
in many eruptive centers throughout the park. 


STRUCTURAL GEOLOGY 


Regional Structure 


_ Yellowstone National Park is in the Wyom- 
ing Rockies on the southwest side of the Bear- 
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tooth uplift (Fig. 4). Except for the Absaroka 
Range, a maturely dissected volcanic plateau, 
the Wyoming Rockies are basically anticlinal 
flexures modified by normal and reverse fault- 
ing. The shelf Rockies on the east are character- 
ized by anticlinal flexures and block uplifts be- 
neath a sedimentary rock veneer 5000-15,000 
feet thick. The intensely folded low-angle 
thrust zone to the west has a 20,000-40,000- 
foot sedimentary section, and basement rocks 
are rarely exposed (King et a/., 1949; Eardley, 
1951; Blackstone, 1956). In southeast Idaho, 
Rocky Mountain structures are masked by 
upper Cenozoic volcanic rocks in the Snake 
River downwarp. Northwest of Yellowstone 
Park, the Rocky Mountain trend is interrupted 
by the northeast-trending ‘“Transverse Igneous 
Belt”. The shelf and folded Rockies under- 
went major deformation during Lancian 
through Paleocene time. In northern Yellow- 
stone Park, folding and thrusting terminated 
prior to deposition of the early acid breccia. 
Following Laramide deformation, epeirogenic 
uplift of the Beartooth region occurred during 
Eocene, Oligocene, and Miocene time (Van 
Houten, 1952). Normal faulting of the Yellow- 
stone tuff suggests that gentle arching of the 
region continued through Pliocene time. Re- 
cent tectonism in the Hebgen Lake area may 
reflect further regional uplift. 


Local Structure 


Discussion. Figure 5 indicates the tectonic 
elements of northern Yellowstone Park. 
Structural relationships suggest at least five 
episodes of tectonic activity. 

Precambrian metamorphism is indicated by 
the gneisses and schists beneath the Cambrian 
Flathead sandstone on Buffalo Plateau. 

Laramide movements are indicated by the 
conglomeratic upper Mesaverde rocks at 
Mount Everts and overturning of the section 
adjacent to the Gardiner fault. Crandall(?) 
conglomerate and related deposits in the region 
suggest that uplift and stripping of the range 
cores, accompanied by diminishing deforma- 
tion, continued to early Eocene time. 

Middle Eocene local faulting and fracturing 
deformed the early acid breccia and Crescent 
Hill basalt prior to deposition of the early basic 
breccia. 

Late canyon basalts and older rocks were 
downfaulted in the Yellowstone River valley 
north of Tower Junction possibly prior to em- 
placement of upper(?) Pliocene Yellowstone 
tuff. 
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Figure 7. Structure sections, northeast Yellowstone National Park (See Pl. 1). No vertical exaggeration 
of over-all profile, thinner units exaggerated somewhat in thickness for definition: glacial till (Pgt), 
Yellowstone tuff (Trh), late canyon basalt (Ticb), Tower Creek conglomerate (Ttc), Lost Creek tuff 
(Tc), early canyon basalt (Tecb), early basic breccia (Tebb), and early acid breccia (Teab) 
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Figure 8. Structural interpretation of the Gardiner 
fault at Cinnabar Mountain, Montana 


Upper(?) Pliocene Yellowstone tuff is dis- 
placed 1000-1500 feet (down to the north) 
along the Lamar fault between Mirror Plateau 
and The Thunderer. The Yellowstone tuff is 
also tilted 10° to the south on Mount Everts, 
and on the south side of the suggested fault in 
Lava Creek valley the tuff is flat-lying beneath 
basalt flows. Faults in the plateau rhyolites are 
common south of the map area (Boyd, 1961). 

Gardiner fault system. Hayden (1872), 
Hague et al. (1896), and Bucher et al. (1933) 
reported major faulting in the vicinity of 
Gardiner, Montana. Wilson (1934b) mapped 
and named the Gardiner fault (Figs. 6, 7, 8) 
and suggested that the fault continued south- 
east beneath the volcanic rocks of Yellowstone 
Park to join the basement fault on the south- 
west flank of Rattlesnake Mountain anticline 
near Cody, Wyoming. 

Structure sections across the Gardiner fault 
(Fig. 7, sections A-A’, B-B’) show imbricate 
slices of Paleozoic and Mesozoic rocks against 


overturned upper Cretaceous beds. Imbricay 
thrusts beneath the main fault plane are ¢ 
posed along the northwest side of the Yelloy. 
stone River, 1.75 miles east of Gardiner, Mon 
tana. These imbricate thrusts dip approx. 
mately 50°-60° NE., but the attitude of the 
main fault is not known. The Everts fault is an 
axial plane fault in the overturned syncling 
with only a few hundred feet displacement, 

Northwest of the town of Gardiner, the 
Gardiner fault is obscured along most of ig 
trace by basalt, travertine, and alluvium. Foy 
miles northwest of Gardiner, Precambrian 
rocks are thrust onto overturned upper Cre 
taceous beds as in the Mount Everts area (Wil 
son, 1934b, Fig. 3). Three miles farther north- 
west, at Cinnabar Mountain, structural rely. 
tionships differ, and the Precambrian rocks are 
in contact with vertical lower Paleozoic straty 
which show an incipient flattening of dip to 
the north at the top of the mountain (Fig. 84), 
This change in dip is contrary to the effects of 
drag folding which should be expected in the 
footwall block beneath the thrust as shown by 
Wilson (Fig. 8b). The present writer’s inter- 
pretation of the fault at Cinnabar Mountain 
is shown in Figure 8c. 

Contrasting structural relationships in the 
Mount Everts and Cinnabar Mountain areas 
may be due to steepening of the fault plane 
toward the northwest or possibly earlier cessa- 
tion of deformation at Cinnabar Mountain 
than at Mount Everts. In support of the latter 
explanation, the writer proposes that during 
evolution of the Gardiner fault (Fig. 6), de 
formation of the Cinnabar Mountain and 
Mount Everts areas was uniform through 
stages | to 4. At this point, displacement along 
the Gardiner fault was accompanied by left 
lateral movement along the East Gallatin fault 
(Fig. 4). Compression was relieved in the 
Cinnabar Mountain area as deformation at 
Mount Everts continued through stage 5. 
Later normal movement along the East Galla 
tin fault (Iddings, 1904, p. 104), and develop- 
ment of the Mammoth fault, resulted in dowa- 
dropping of the Sepulchre block. 

Lamar fault and related structures. Howard 
(1937) recognized the fault origin of the Lamar 
valley in the southeast part of the map area. 
Projected dips of the early basalt sheets from 
Mirror Plateau to The Thunderer and of the 
Yellowstone tuff from Mirror Plateau to Cache 
Creek valley suggest that rocks along the north- 
east side of Lamar valley are downfaulted ap 
proximately 1500 feet. Recent investigations 
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ty the writer and B. E. Macomber (1956, M.A. 
thesis, Northwestern Univ.) lead to the sug- 
ystion that a northeast-trending fault in the 
valleys of Soda Butte Creek and Chalcedony 
Creek transects the Lamar fault, dividing the 
yea into four blocks (Fig. 5). None of these 
gults is exposed, but indirect evidence, such as 
prmjected dips, juxtaposed unlike pyroclastic 
cies, straight drainage courses, and dips of 
individual blocks, suggests their existence. The 
witer proposes the following partial history of 
the Lamar valley. 

Emplacement of the early basic breccia and 
atly basalt sheets was followed by elevation 
ofthe Amethyst block, bringing medium ande- 
ite pyroclastic facies into fault contact with 
asaltic andesite facies of the Druid, Norris, 
ad Mirror blocks. A long period of erosion 
was followed by emplacement of the Yellow- 
gone tuff. The Druid and Norris blocks were 
then downfaulted 1500 feet along the Lamar 
ult. Movement was rotational, in part, with 
displacement decreasing to the northwest. Dif- 
ferential movement along the fault in Soda 
Butte Creek valley dropped the Druid block 
about 200 feet lower than the Norris block, as 
suggested by elevations and attitudes of Paleo- 
mic limestones near Soda Butte. Movement 
along the Lamar fault was followed by down- 
ward tilting of the Amethyst block to the 
aortheast, displacing Yellowstone tuff 250 feet 
near Jasper Creek and imparting a northeast 
dip to the early basic breccia at Fossil Forest. 

The inferred fault in Soda Butte and Chal- 
cedony Creek valleys may be part of an im- 
portant structural element in the Yellowstone 
Park plateau. Projection of the fault 10 miles 
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southwest aligns it with the Grand Canyon of 
the Yellowstone River which continues 7 miles 
farther southwest. Intensive hydrothermal 
alteration of the plateau rhyolites in the Grand 
Canyon of the Yellowstone is restricted to a 
linear zone that may be related to fracturing 
at depth. 


CONCLUSIONS 


Volcanic activity in the Yellowstone Park 
region occurred as an early Cenozoic andesitic 
phase of considerable volume followed by a 
late Cenozoic phase of lesser magnitude. The 
earlier andesitic outpourings contributed to 
the filling of a Laramide structural basin which 
may have been further accentuated by cauldron 
subsidence. A long period of erosion, inter- 
mittent eruptive activity, and regional uplift 
followed during possibly middle and late Oligo- 
cene, Miocene, and early Pliocene time. In 
late(?) Pliocene time, the second period of vol- 
canic activity introduced about 600 cubic 
miles of rhyolite into the southern two-thirds 
of the Yellowstone basin. These rocks now con- 
stitute the broad north-sloping Yellowstone 
Park plateau. Faulting of the plateau rhyolites 
in northeast Yellowstone Park suggests that 
uplift of the Beartooth region continued 
through Pliocene time. 

Source magmas for the two Cenozoic erup- 
tive phases may have been completely unre- 
lated. The andesitic magma may have been the 
product of differentiation of a parent basaltic 
magma with concomitant assimilation of 
country rock. Later Cenozoic rhyolitic magma 
was probably derived by melting of pre-exist- 
ing granitic rock at depth. 
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Abstract: Three major dispersal centers of the 
Paleozoic, Cretaceous, and Tertiary clastics of the 
upper Mississippi Valley and adjacent areas were 
located through integrated study of petrography, 
directional structures, facies maps, and regional 
dratigraphic relations. 

In pre-Mississippian time, nearly all the clastics 
originally were derived from the Precambrian 
rocks centered around the Lake Superior region of 
the Canadian Shield. Relatively modest streams 
upplied sands and muds and recycling on a stable 
craton produced mature and supermature sand- 
stones. 

The second and third major dispersal centers re- 
ulted from Appalachian orogenic activity. Al- 
though some contributions from the Lake Superior 
region and Canadian Shield continued, the tectonic 
borderlands of the northern Appalachian moun- 
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Dispersal Centers of Paleozoic and Later Clastics 
of the Upper Mississippi Valley and Adjacent Areas 


tains were the chief dispersal center of Mississippian 
and Pennsylvanian clastics. In post-Pennsylvanian 
time, this center shifted to the east of the southern 
Appalachian mountains. The post-Devonian clastic 
sediments were transported to the shallow marine 
shelves, coastal plains, and small deltas of the craton 
by a series of large, recurring drainage systems. 

Despite major shifts in dispersal centers, the 
slope of the craton in the upper Mississippi Valley 
and adjacent areas has persisted to the south and 
southwest throughout Paleozoic, Mesozoic, and 
Tertiary time. 

Inherent in the foregoing regional results are 
some problems of general interest. These include 
sedimentary differentiation, intrastratal solution, 
and the relationships between paleoslope, regional 
unconformities, and cross-bedding directions. 
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INTRODUCTION Dr. George Lundburg, Sun Oil Co.; Frederick \ 
In the last decade integrated study of sedi- Major, Shell Development Co.; and Dr. Johnf \ 


mentary rocks has been expanded to include 
both outcrop and subsurface study and such 
varied fields as facies mapping, sedimentary 
petrology, clay mineralogy, and the study of 
directional sedimentary structures. Although 
techniques based on all these fields were known 
and used prior to the last decade, their inte- 
grated study has been accelerated in the last 
few years. This paper reports such an integrated 
study, emphasizing those techniques useful in 
a provenance study of cratonic sedimentation. 

The objectives of this study were: (1) in- 
vestigation of the petrology of the Paleozoic, 
Cretaceous, and Tertiary clastics of the upper 
Mississippi Valley and adjacent areas; (2) col- 
lection and summarization of evidence from 
directional sedimentary structures, available 
subsurface facies maps, and stratigraphic rela- 
tions; (3) integration of petrologic and direc- 
tional evidence to locate the major dispersal 
centers of the upper Mississippi Valley and 


adjacent areas. 
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The upper Mississippi Valley and adjacea pos 
areas lie on the buried Precambrian basement». 
south of the Canadian Shield (Fig. 1). The In 





Appalachian foreland and basin to the east at 
excluded from this study, and the sample att 
is thus confined to the craton. age 

In the area studied the basement is covert! sedi 
chiefly with Paleozoic and lesser amounts if o,,, 
Cretaceous and Tertiary sedimentary 10d 
that commonly are less than 5000 feet thi 
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but reach thicknesses of approximately 13,000 
and 15,000 feet in the Illinois and Michigan 
Lig basins, respectively. Four generalized strati- 

raphic sections of these sedimentary rocks are 
shown in Figure 2. 
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Data from outcrop observations and avail- 
able drilling records indicate that throughout 
much of the sample area the local relief of the 
Precambrian basement rarely exceeds 500-1000 
feet. The sample area contains many classic Pre- 
cambrian sections of sedimentary rocks, but 
granite, its allies, and relatively minor meta- 
morphic rocks are the principal basement rocks. 
In places arkosic sandstones and reddish shale, 
“fcommonly referred to as the ‘‘Red Clastics,” 
> sample + occur between sediments of known Cambrian 

‘s cowl = and the basement complex. The Cambrian 
nt os _ {4 tients generally are considered to be of late 
_ amounis™§ Cambrian age. 


entary 10d The last known major tectonic activity in 


10 feet thick 










und adjaceal 
an Dasemeny 
Fig. 1). The 
» the east at 












REGIONAL SETTING 








1197 


the upper Mississippi Valley region produced a 
thick sequence of Keweenawan arkoses and in- 
terbedded extrusive rocks of late Precambrian 
age in the Lake Superior region. Since that 
time the area has behaved as a craton. In Paleo- 
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Figure 1. Eastern North America and study area 


zoic time, tectonic activity produced a few 
broad, regional, recurring arches and structural 
domes and several intracratonic basins. Early 
in the Paleozoic, a series of broad regional arches 
developed—the Cincinnati, Findlay, Kanka- 
kee, Wisconsin, and Transcontinental—as well 
as the Ozark dome (Fig. 1). By the end of 
Ordovician time the Illinois, Michigan, and 
Forest City basins were already clearly defined. 

The pre-Mississippian sediments of the sam- 
ple area are of a distinctive type and consist of 
widespread mature sandstones, associated with 
carbonates and some evaporites. The individual 
lithologic units of the pre-Mississippian se- 
quence generally occur as thin, widespread 
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sheets, which have many minor diastems and 
unconformities resulting from intermittent ex- 
posure to air. Shales aré not abundant. In 
Silurian time little tectonic activity occurred, 
and even mature quartz sands are absent. 
Two major unconformities occur in the pre- 
Mississippian sequence, one at the base of the 
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Figure 2. Generalized stratigraphic sections showing position 
of major unconformities, and principal stratigraphic units 


mentioned in text 


Ordovician St. Peter sandstone and the other 
at the base of the Middle Devonian limestones. 
Both unconformities truncate older sediments 
to the north in much of the area and imply that 
a broad regional rejuvenation of the craton 
took place northward. 

In Mississippian time, widespread carbonates 
and some evaporites were supplemented by ap- 
preciable amounts of shale and less mature silt- 
stone and sandstone. The third major uncon- 
formity of the Paleozoic followed Mississippian 
sedimentation. Like its precursors, this uncon- 
formity largely truncates older sedimentary 
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tation. In this interval occurred the initial te 
moval of the Carboniferous sedimentary rocks 


arches and the rise of the Pascola arch. It pro 
duced at the base of the Cretaceous the fourth 
major unconformity in the area. 

In the upper Mississippi Embayment, the fleozoi 
basal Cretaceous sediments are of late Citfthe uy 
taceous age and consist of relatively immatutt dj 
nonmarine clastics and subordinate marine sedr 











 Hortheas, ments. Along the northern parts of the Trans- 
“JuVEnatiOg ootinental arch, the basal Cretaceous is late 
Cretaceous in age and consists of a mixed se- 
are marked§ yence of sands, shales, and some carbonates. In 
sandstones, the late Cenozoic, broad, regional rejuvenation, 
are present bly similar in all but minor details to that 
which produced the four previous major un- 
conformities, initiated deposition of stream 
gavels of the Lafayette type along major pre- 
[jc drainage lines that were oriented prin- 
cipally southward. Pleistocene glaciers covered 
most of the upper Mississippi Valley region. 
The Paleozoic, Cretaceous, and Tertiary 
gdiments belong to three broad groups. The 
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gional studies, such as those by Dake (1921), 
Grim (1936), Thiel (1937), Siever and Potter 
(1956), Siever (1957), and Pryor (1960). Table 
2 summarizes the published studies. 

Although one of the earliest detailed studies 
(Hopkins, 1895) was made on thin sections, 
most of the studies are concerned with heavy 
minerals and texture. A large number of heavy- 
mineral studies were made in the late 1920’s 
and the 1930’s. The list of heavy minerals re- 
ported is a long one and includes anatase, anda- 
lusite, apatite, barite, chloritoid, corundum, 
dumortierite, epidote, fluorite, garnet, horn- 
blende, hypersthene, ilmenite, kyanite, leu- 








Lithologic units 


tary structures 


Taste 1. Satrent Geotocic Features oF Upper Mississtppr VALLEY AND ADJACENT AREAS 
Tectonics Wide basins separated by broad, regional arches. Gentle deformation (minor folding and 
normal faulting) of thin sedimentary cover 
Unconformities Many diastems and minor unconformities. Four major pre-Pleistocene unconformities 
occur at base of St. Peter, mid-Devonian, Pennsylvanian, and Cretaceous. Major uncon- 
formities are widespread and commonly truncate older sediments northward 
Rock types Carbonates and mature sandstones diagnostic of pre-Mississippian sections; shale and less 


mature sandstones diagnostic of post-Devonian section 


Characteristically thin and widely traceable, except for elongate, lenticular Pennsylvanian 
and Chester (Mississippian) sandstones 


Principally ripple marks and cross-bedding 





















re-Mississippian sediments are the typical 
roducts of cratonic sedimentation; they are 
ked by mature and supermature sandstones, 
widespread carbonates, and little shale. Al- 
though carbonates continued to accumulate, 
cially in the middle Mississippian, large 
ts of shale and less mature sandstones are 
haracteristics of the Mississippian, Pennsyl- 
vanian, Cretaceous, and Tertiary sediments. 
The dominant sedimentary structures of all 
these clastics, whether carbonates or mature or 
immature arenites, are those commonly formed 


ntary rocks 

K PETROLOGY 
rch. It pro 
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the upper parts of the Mississippi Valley and 
jacent regions consist of a large number of 
studies and a few more comprehensive re- 





coxene, magnetite, monazite, pyrite, rutile, 
sillimanite, sphene, spinel, staurolite, topaz, 
tourmaline, tremolite, zircon, zoisite, and 
others. Although all these have been reported 
from Paleozoic sandstones, only three of the 
nonopaque, nonmicaceous minerals are com- 
mon. Zircon and tourmaline, supplemented by 
some garnet, are the principal heavy minerals, 
except in the basal Cambrian, and commonly 
form as much as 98 per cent of the entire count. 
Thus the Paleozoic sandstones have a strikingly 
mature and stable heavy-mineral suite. In con- 
trast, kyanite, sillimanite, and staurolite are the 
dominant heavy minerals of the Cretaceous and 
Tertiary sandstones. 

Less study has been devoted to the light min- 
erals. Although several textural studies have 
been made on light minerals, comparatively few 
mineralogical investigations of the light frac- 
tion have been reported. However, the mature 
character of most of the pre-Mississippian sand- 
stones is well documented. The less mature 
Pennsylvanian and Mississippian sandstones 
have received more petrographic study, es- 
pecially in the past 10 years. The principal 
petrographic studies of the Cretaceous and 
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PusLisHED PeTROLOGIC STUDIES OF THE SANDSTONES OF THE 


Upper Mississipp1 VALLEY AND ADJACENT AREAS 


























Heavy 
Author Date minerals Petrography Texture 
Allen 1951 X Eocene 
Alty 1933 xX Devonian jever 
Andresen 1961 X xX X Pennsylvanian rauffe 
Andrews 1958 xX X Cretaceous 
Atherton e¢ al. 1960 X xX Pennsylvanian and 
Chester 
Baskin 1956 xX Lower Paleozoic + ¥Temple 
Becker 1931 xX Cambrian ester 
Berg 1952 X Cambrian i 
Biggs and Lamar 1955 Xx Carboniferous 
Blankenship 1956 X Tertiary y 
Clark 1950 X xX Pennsylvanian jayne 
Cordry 1929 Cambrian jilgus 
Crowley and Theil 1940 x Precambrian and jillmat 
Cambrian jillmat 
Dake 1918 Paleozoic, Cretaceous 
and Tertiary jillmas 
Dake 1921 Xx xX Ordovician —— 
Dapples 1955 xX Ordovician 
Derry 1934 X Ordovician 
Driscoll 1959 xX Xx Cambrian Fert 
Ernst 1954 X Ordovician Potter 
Fisk 1951 x xX Pleistocene Glass ( 
Gault 1939 xX Xx Pennsylvanian 
Goldich 1934 X Lower Paleozoic Dbject 
Graham 1930 xX Xx Cambrian 
Graham 1933 xX xX Cambrian and Our 
Ordovician bharact 
Grawe and Cullinson 1931 xX xX Ordovician cae 
Greenberg 1960a X X X Chester and ons 1 
Pennsylvanian ental 
Greenberg 1960b xX Chester and ple 
Pennsylvanian The 
Grim 1934 > 4 Cretaceous . 
Grim 1936 X xX xX Paleocene and ipally 
Hamblin 1958 xX X Xx Cambrian Uo! 
Heald 1956 Xx Ordovician r slic 
Hopkins 1958 xX X Pennsylvanian rvstal 
Hopkins 1895 X Pennsylvanian : 
Kelly and Beutner 1930 xX Pennsylvanian we 
Lamar 1928 X x Ordovician dulo 
Lamar and Grim 1937 X Cretaceous and as es 
Cenozoic tion 
Lamar and Reynolds 1952 xX Pliocene al 
Lamar and Sutton 1930 xX Cretaceous and re 
Tertiary Asti 
McCartney 1931 xX Mississippian tanda 
Needham 1934 xX Cretaceous ed. 
Ockerman 1930 xX Cambrian feels 
Ostrander 1941 X Cambrian = 
Pentland 1931 X Cambrian ydrau 
Pinsak 1956 xX xX Tertiary Bactior 
Potter 1955 xX X Pliocene he pro 
Potter and Glass 1958 X xX Pennsylvanian han m 
Pryor 1960 xX xX xX Cretaceous : 
Pryor and Glass 1961 X Cretaceous and Beca 
Tertiary IC Sa 
Pye 1944 x xX x Mississippian ion of 
Rusnak 1957 Xx Xx Pennsylvanian ittle 0 
Shrode 1954 X Cretaceous , 
Shrode and Lamar 1953 X Cretaceous and ed 
Cenozoic vy 
Siever 1949 xX Pennsylvanian ted | 
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Taste 2. Continued 
Heavy 

Date minerals Petrography Texture Age 
; 1953 xX Mississippian 
‘ever 1957 X X Pennsylvanian 
iever and Potter 1956 x X Pennsylvanian 
auffer and Theil 1941 X Cambrian and 

- Ordovician 
terns 1933 xX Pennsylvanian 
in 1954 X Eocene 
empleton 1951 xX Cambrian 
ester and Atwater 1934 xX Lower Paleozoic 
i 1935 xX xX Ordovician 

1937 X Ordovician 

1936 xX Ordovician 

1960 xX X Cretaceous(?) 

1933 xX Cambrian 

1942 X Paleozoic 
illman and Payne 1942 Ordovician and 

Pennsylvanian 
jillman and Payne 1943 xX > Ordovician 
[ertiary sediments are those of Grim (1936), tourmaline grains present. Percentage of 


Potter (1955), Pryor (1960), and Pryor and 
Glass (1961). 


Dbjectives and Procedures 


Our principal petrologic objective was the 
haracterization of the major mineral associ- 
tions in an area of predominantly cratonic sedi- 
ntation. Figure 3 shows the localities 
pled for this study. 

The mineral associations were studied prin- 
ipally in thin sections. To estimate the com- 
ition of each thin section, 200 point counts 
t slide were used. The percentage of poly- 
rystalline quartz, defined by sutured and in- 
erpenetrating crystals, commonly showing 
dulose extinction and strain shadows, also 
estimated by 200 point counts per thin 
tion. Unusually good examples of poly- 
rystalline quartz grains are shown in Plate 1. 
Astudy of the heavy minerals also was made. 
tandard petrographic procedures were fol- 
ed. The size range 0.062-0.500 mm was used 
ther than a single size fraction, because good 





pydaulic sorting made choice of a single size 


tion difficult. We also wished to appraise 
properties of the entire sand fraction rather 
han merely those of a single grade. 

Because of the maturity of most of the Pale- 
woic sandstones, it was clear that an enumera- 
ion of the heavy minerals would contribute 
ttle of value. Although each slide was ex- 
ed for kinds and general abundance of 
vy minerals, our principal effort was di- 
cted to estimating the percentage of angular 





angular tourmaline provides a quantitative 
measure of sediment abrasion not easily ob- 
tained from thin-section estimates. Grains with 
roundness of less than 0.6 (Krumbein, 1941, p. 
68-70) were classified as angular; grains with 
roundness of 0.6 or more were classified as 
round. As used in this paper, ‘‘angularity” re- 
fers to the proportion of grains with less than 
0.6 roundness. Whenever possible, 100 or more 
tourmaline grains per slide were classified. 

The effect of grain size on our estimates of 
tourmaline angularity and the percentage of 
polycrystalline quartz present is evaluated by 
eight fractional analyses (Fig. 4). The contrasts 
in grain size among the samples are striking. 
Comparable contrasts of tourmaline angularity 
have been shown by two quite different tech- 
niques (Siever and Potter, 1956, p. 320; Potter 
and Glass, 1958, p. 29). 

But how well does tourmaline angularity 
correlate with the angularity of the other 
heavy minerals or of either a single size frac- 
tion or the entire size range of the quartz 
grains? Certainly it would furnish a poor 
abrasion index if it correlated poorly, no matter 
how convenient it might be to use. 

Appendix | describes an experiment specif- 
ically designed to answer this question. By use 
of the multiple correlation coefficient, this ex- 
periment demonstrated that tourmaline angu- 
larity is highly correlated with the angularity 
of zircon grains, the angularities of the quartz 
grains of the .125- to .177-mm size fraction, and 
the angularity of the quartz grains of the size 
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fraction 0.062-0.500 mm. Thus tourmaline 
abrasion is closely identified with the abrasion 
of the other principal detrital elements, which 
implies an essentially common abrasion history. 
Petrologic data gathered by previous work- 
ers were supplemented by additional analyses 
of thin sections and heavy minerals. Appendix 
2 gives these petrographic analyses, polycrystal- 
line quartz abundance, tourmaline angularities, 
and sample locations. Table 3 summarizes all 
the available petrographic analyses by system. 
In reporting our petrographic analyses we 
have distinguished between the composition of 
outcrop and subsurface samples. The outcrop 
samples almost consistently have less carbonate 
and more matrix than subsurface samples. 
Samples that contain more than 50 per cent 
carbonate are classified as limestones and are 
omitted from Table 3. 
We have used the petrographic terminology 
of Pettijohn (1957b, p. 283-339). 
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Figure 3. Sample locations in upper Mississippi Valley and adja- 


cent areas 
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Results sam 

Geologic systems. Detailed results are pp “ died 
sented for each geologic system represented, §. 48,5 

CAMBRIAN: The Cambrian sandstones egpfod m 
tain a relatively moderate amount of matyyomati 
and very minor amounts of either rock frag} Ligh! 
ments, muscovite, biotite, or chlorite and pepbsiths 
erally are well rounded and well sorted. — b great 


Feldspar content, however, ranges from 0; espec 
15 per cent of the samples to 40.5 per cep 
(Appendix 2, sample 339). It averages 8,7 pe; 
cent. This estimate might be smaller if mor 
subsurface core samples had been availah 
south of the Wisconsin outcrop belt, As 
group, the samples of this study are feldspathit 
or subarkosic sandstones. One of the character 
istics of the Cambrian sandstones is the preva 
lence of authigenic feldspar (Goldich, 1934; 
Tester and Atwater, 1934). Authigenic feldspay 
was noted in approximately 75 per cent of thd 
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bin sections of this study and was found in all 
te areas where Cambrian sandstones were 
iS are pmbndied. Berg (1952, p. 221) reported as much 
resented, ; 48.5 per cent feldspar, much of it authigenic 
tones combed mostly orthoclase, from the Franconia 
Of matraifymation in Minnesota. 

rock frag} Light-yellow-green to dark-green glauconitic 
te and penbiliths and aggregates also are characteristic of 
ted. i creat many Cambrian sandstones. Glauconite 
s from Oinfs especially abundant in the sandstones of the 
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Franconia and Trempealeau throughout most 
of the area. Where glauconite is present, authi- 
genic feldspar generally is well developed. How- 
ever, authigenic feldspar also occurs where 
glauconite is absent. Collophane pseudomorphs 
and fragments of fossil debris also may consti- 
tute several per cent of the sample. 

Except in some basal Cambrian sandstones, 
the dominant heavy minerals are stable species 
and are principally zircon and tourmaline. 


POLYCRYSTALLINE 
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SIZE IN MILLIMETERS 


Figure 4. Analyses of tourmaline angularity and polycrystalline quartz 
fraction in (A) Pennsylvanian subgraywacke, (B) Pennsylvanian proto- 
quartzite, (C) Mississippian protoquartzite, and (D) Ordovician ortho- 
quartzite 
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*Not determined 
ryor (1960) 
Includes data from Siever and Potter (1956, Table 2A); Siever, 1957 (Table 1); Potter and Glass (1958, Table 4) 
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However, garnet is present in most Cambrian 
adstones, and in some formations, as for ex- 
pple in the Jordan, Madison, and Mazomanie 
(ckerman, 1930, p. 353; Pentland, 1931, p. 
bg-33; Ostrander, 1941, p. 146-148; Stauffer 
iad Thiel, 1941, p. 75; and Driscoll, 1959), it 
the dominant heavy mineral. It has not been 
ported in abundance in the sandstones of the 
Dark region. Less stable species such as kya= 
nite, monazite, hornblende, staurolite, topaz, 
sphene, and others are present locally but only 
n small amounts, except at some places near 
he Precambrian contact. 
Ripple mark and cross-bedding, at places 
ery abundant and of large scale, are the most 
prominent sedimentary structures. 

Although some regional heavy-mineral stud- 
es have been made, a detailed, regional petro- 
praphic study of the Cambrian sandstone of the 
pper Mississippi Valley would be rewarding. 
orpovicIAN: The sandstones of the Ordo- 
‘cian consist principally of well-rounded and 
yell-sorted quartz grains and carbonate. Detri- 
i| matrix, micas, and rock fragments are neg- 
igible. These sandstones are orthoquartzites. 
ross-bedding is not uncommon, and ripple 
marks are numerous. 

Feldspar content is low. In approximately 70 
per cent of the samples it is less than 0.5 per 
eat. In only one sample of the St. Peter from 
he Michigan basin is it as high as 4.5 per cent. 
Authigenic feldspar is present in Ordovician 
sundstones but is less abundant than in Cam- 
brian sandstones. Glauconite is present, but in 
omparison to the Cambrian sandstones it is 
rather rare. 

Zircon and tourmaline are the principal 

heavy minerals. In many samples garnet is pres- 
it as a minor constituent. In a few sandstones 
uch as the Glenwood (Thiel, 1937, p. 118: 
illman and Payne, 1943, p. 536-537; Ernst, 
194, p. 1028-1029) garnet locally is the 
dominant heavy mineral. Some less stable spe- 
its such as staurolite (Graham, 1933, p. 476- 
186; Ernst, 1954, p. 1028-1029), pyroxene 
(Willman and Payne, 1943, p. 536-537), epi- 
dote, hornblende, and tremolite (Grawe and 
inson, 1931, p. 320-326; Derry, 1934, p. 
85-87) have been reported, generally in minor 
abundance and commonly near areas of avail- 
able crystalline rocks. 
Because they consist principally of intensely 
abraded and mineralogically mature detritus, 
regional mineral associations are more difficult 
toestablish for Ordovician than for Cambrian 
sandstones. 
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SILURIAN: Rocks of the Silurian system in 
this area are dolomites and limestones and are 
almost devoid of clastic materials, especially 
discrete sand bodies. For this reason, only the 
mineralogy of the clay fraction is considered. 

DEVONIAN: The sandstones of the Devonian 
are supermature orthoquartzites consisting of 
well-rounded and well-sorted quartz and car- 
bonate. Carbonate is present both as a cement- 
ing agent and as locally incorporated fossil 
debris. Anhydrite is a minor cementing agent 
in a few samples. 

Glauconite is not common, and feldspar and 
detrital micas are virtually nonexistent. None 
of these was tallied in this investigation. Zircon, 
tourmaline, and some rutile are practically the 
only nonopaque heavy minerals in most slides. 

Judged in terms of detrital constituents, thin 
sections and heavy-mineral slides of Devonian 
sandstones contain almost nothing but the most 
stable and resistant end products of sedimenta- 
tion. Very detailed study would be necessary 
to reveal regional variations in the petrographic 
character of Devonian sandstones in the upper 
Mississippi Valley region. 

Although cross-bedding is present (Grabau 
and Scherzer, 1910, p. 72-75, 81), ripple marks 
probably are more common. 

MISSISSIPPIAN: With few exceptions, Missis- 
sippian sandstones are noticeably less mature 
than those of Ordovician and Devonian age. 
Both detrital matrix and rock fragments are 
more abundant. Rock fragments exceed feld- 
spar, and angularity is moderate. As a group 
(Table 2) these sandstones belong to the lithic 
clan and correspond closely to Pettijohn’s 
(1957b, p. 291) protoquartzites. However, the 
values of Table 3 are the average of the three 
sandstone types listed in Table 4. 

Kinderhook sandstones of the Ozark region, 
such as the Bushberg and Sylamore in Missouri 
and adjacent parts of Illinois, are the most 
mature. They consist principally of quartz and 
carbonate and are notably deficient in mica, 
matrix, feldspar, and rock fragments. Zircon 
and tourmaline are the principal heavy min- 
erals. These sandstones are orthoquartzites that 
are essentially indistinguishable from those in 
the Ordovician and Devonian. However, this 
type of Kinderhook sandstone is relatively 
scarce. 

Other sandstones of Kinderhook-Osage age 
in the Michigan and Iliinois basins are of an en- 
tirely different petrographic type and are 
volumetrically important. These siltstones and 
sandstones—principally the Borden group in 
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AVERAGE PETROGRAPHIC ANALYSES OF MISSISSIPPIAN SANDSTONES 


TABLE 4. 


(Per cent) 
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the Illinois basin and the Berea formation ay 
Marshall group in Michigan—have abundyy 
matrix, are rich in rock fragments, are angyl, 
and contain detrital chlorite and biotite ag y, 
as appreciable amounts of muscovite. Neith 
authigenic feldspar nor glauconite is prominep 
In most samples, zircon and tourmaline 
some garnet are the dominant heavy mine 
Stearns (1933, p. 103-106) notes, however, th, 
in western Michigan the Marshall group sané 
stones contain minor amounts of hornblené 
actinolite, and epidote and have more g 
than their eastern Michigan equivalents. Petr 
graphically, all these sandstones are subgray 
wackes. The sandstones of the Berea formatic 
and Marshall group differ from their equiv 
lents in the Illinois basin, principally in gr 
size. In the Illinois basin their equivalent 
mostly of Osage age, are commonly siltstond 
rather than sandstones. Although this siltston 
sequence is not rich in sedimentary stru 
some current lineation, ripple marks, and sm; 
scale slumping are present. In Michigan th 
sandstones of the Marshall group have ros 
bedding and ripple marks (Monnett, 1948, ; 
669-672). 

In the Illinois basin these subgraywacke sand 
stones were followed by important carbona 
deposition—the Warsaw, Salem, St. Louis, 
Ste. Genevieve limestones—of the Merz 
series. The few sandstone lenses in these li 































belong to the third type of Mississippian 
stone. This third petrographic type has | 
matrix, less mica, and fewer rock fragmen 
than the underlying subgraywackes. Argi 
ceous rock fragments are more plentiful tha 
feldspar. Authigenic feldspar is not abundan 
Angularity is moderate. Zircon and tourmalin 
are the principal heavy minczals, and gam 
occurs in very minor amounts (McCartney 
1931, p. 83-87; Pye, 1944, p. 72-89; Athertot 
et al., 1960, p. 8). 

Odlites and fossil debris commonly are pres 
ent, reflecting the affinity of the sandstones 
marine carbonates. In comparison to the Car 


aceous matter, macerated into minute 
and fragments, occurs in some samples. Ripph 
marks and cross-bedding are the most con 
spicuous sedimentary structures. Load cast) 
convoluted bedding, current lineation, and cut 
and-fill structures also are present. These sand} 
stones correspond closely to Pettijohn’s proto 
quartzite group. 
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PHOTOMICROGRAPHS OF POLYCRYSTALLINE QUARTZ GRAINS IN THIN SECTION 
(x 60-80) 


(1) Lafayette gravel (Pliocene), (2) and (3) Eocene sands, (4) McNairy sand (Cretaceous), (5) Mt. Carmel 
tone (Pennsylvanian), (6) Tradewater sandstone (Pennsylvanian), (7) Marshall sandstone 
(Mississippian), (8) Chester sandstone (Mississippian), (9) Marshall sandstone (Mississippian) 


POTTER AND PRYOR, PL. 1 
Geological Society of America Bulletin, volume 72 




















ABRADED TOURMALINE OVERGROWTH ON ABRADED DETRITAL CORE 
(X 250) Cretaceous McNairy sand, | mile west of Buchanan on State Route 140,Henry County, Tennessee 


POTTER AND PRYOR, PL. 2 
Geological Society of America Bulletin, volume 72 
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pENNSYLVANIAN: Pennsylvanian sandstones 
re appreciably less mature than nearly all 
er Paleozoic sandstones. As a group they 
ve slightly more than 15 per cent detrital 
trix, approximately 2 per cent mica, and an 
pqual amount of feldspar. Authigenic feldspar 
s present but is rather insignificant. There is 
ightly more feldspar than argillaceous rock 
gments. Cementing agents consist of both 
trital matrix and carbonate. Siderite serves 
minor cementing agent in many sandstones 
nd in a few is the major cementing agent. 
fcerated carbonaceous material is present in 
y samples. All the Pennsylvanian sand- 
tones have the same sedimentary structures: 
ipple mark and cross-bedding predominate, 
t current lineation, small-scale slumping, 
ad casts, and cut-and-fill also are present. 
Pennsylvanian sandstones belong to four dif- 
erent sandstone types. The most mature of the 
our types is the basal Pennsylvanian sand- 
tone of western Illinois, the Babylon (Table 
\, This sandstone consists principally of quartz, 
me matrix materials, and very minor amounts 
{feldspar, chert, and rock fragments. It has 
he lowest angularity of any Pennsylvanian 
ndstone in the Illinois or Michigan basins. 
¢ basal Babylon sandstone of western 
llinois, and possibly a few others which di- 
ctly overlie lower Paleozoic sandstones, stand 
mewhat apart from the main sequence of suc- 
esive Pennsylvanian sandstone types. 

This sequence is clearly shown along the 
resent southern edge of the Illinois basin. 
ere the sandstones of the lowest 400 feet of 
he Pennsylvanian sequence, the Caseyville 
sroup, are mature sandstones that consist prin- 
ipally of quartz and carbonate (in subsurface) 
vith minor amounts of feldspar, mica, and 
rgillaceous rock fragments. Far-traveled, sub- 
founded to well-rounded quartz pebbles are 
resent in minor amounts. Cementing agents 
oasist of an admixture of detrital matrix and 
arbonate. Angularity is greater than that in 
he Chester. The principal heavy minerals are 
itcon and tourmaline, with some sporadic and 
inot amounts of garnet (Kelly and Beutner, 
930, p. 473; Gault, 1939, p. 131-134; Siever 
ad Potter, 1956, p. 327; Potter and Glass, 
98, p. 27; Greenberg, 1960a, p. 35-44). 
me slides contain detrital cahalorite. These 
stones and their lateral equivalents, parts 
{ the Mansfield in Indiana and possibly the 
ama in Michigan, are orthoquartzites or 
Porderline protoquartzites depending largely 
hn geographic position. 
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Sandstones that overlie the Caseyville se- 
quence in southern Illinois are less mature and 
generally have properties intermediate to those 
of the basal and higher Pennsylvanian sand- 
stones. Along the southern edge of the Illinois 
basin this transitional petrographic zone is ap- 
proximately 500 feet thick. In areas of less 
rapid subsidence, such as western and northern 
Illinois and possibly the Michigan basin, the 
zone is much thinner. The sandstones of this 
transitional group have more feldspar, fhatrix, 
mica, and rock fragments than the Caseyville 
sandstones. Angularity is appreciably higher. 
These sandstones clearly belong to the proto- 
quartzite group. The upper boundary of this 
sandstone type is gradual rather than abrupt. 

The sandstones overlying the transitional 
zone form a very homogeneous and widespread 
series. These sandstones are rich in clay matrix, 
average 11.5 per cent feldspar, and have ap- 
preciable amounts of mica. Chlorite and biotite 
supplement muscovite. Argillaceous rock frag- 
ments are commonly less abundant than feld- 
spar, and glauconite is very rare. Pyrite is 
abundant in many thin sections and heavy- 
mineral slides. Angularity is unusually high. 
Although zircon and tourmaline remain dom- 
inant, garnet becomes important (Potter and 
Glass, 1958, Table 5). These sandstones cor- 
respond best, although not precisely, to the 
subgraywacke group of Pettijohn (1957b, p. 
316-321). These higher Pennsylvanian sand- 
stones are nearly indistinguishable from those 
of Marshall group of the Michigan basin and, 
except for grain size, from the Borden group 
of the Illinois basin. 

With some modification, dependent on over- 
lap and amount of basin subsidence, this im- 
mature sequence is characteristic of most of the 
higher Pennsylvanian sandstones of the upper 
Mississippi Valley and adjacent areas. Detailed 
study probably would reveal regional variations 
similar to those noted by Siever and Potter 
(1956) in the basal Pennsylvanian sandstones. 

cRETACEOUS: The upper Cretaceous sand- 
stones in the Mississippi Embayment consist of 
angular, well-sorted quartz grains. Feldspar 
content is uniformly low, ranging only up to 
3.5 per cent. Authigenic feldspar is essentially 
absent. High percentages of muscovite mica 
are characteristic of the Cretaceous sandstones 
(Pryor, 1960), ranging from 1.5 to 10.5 per 
cent. Biotite and chlorite are rare, as are rock 
fragments. The matrix is composed chiefly of 
clay and quartz silt. 

The dominant heavy minerals are Jess mature 
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species and are principally kyanite, sillimanite, 
and staurolite. Tourmaline and zircon occur in 
gnall but significant amounts. The Cretaceous 
peavy-mineral assemblage of the embayment 
region differs from that of the Eastern Gulf 
Coast assemblage (Needham, 1934) in its low 
eidote content. One of the rare accessory 
minerals is graphite (Shrode, 1954; Pryor, 
960). Although Cretaceous sandstones have 
good sorting and little feldspar, the combined 
-{ abundance of mica, matrix, chert, and argil- 
hceous rock fragments indicates that they are 
protoquartzites (Pettijohn, 1957b, p. 95-300). 

Cross-bedding is a ubiquitous, prominent 
gdimentary structure in the Cretaceous sand- 
sones. However, ripple mark, small-scale 
dumping, and cut-and-fill also are present. 

These sandstones grade southward into 
agillaceous and carbonate sediments (Pryor, 
1960). 

can The sands of the Tertiary closely 
resemble those of the Cretaceous and occur as 
two distinct types. The Eocene sands are well 
sorted, angular, and fine-grained (Grim, 1936, 
p. 102), whereas the Pliocene sediments com- 
monly consist of coarse sands and gravels (Pot- 
ter, 1955, p. 7). As in the Cretaceous sands, 
agillaceous rock fragments and feldspar are not 
abundant. Matrix, mica, and chert together 
constitute nearly 15 per cent of the sands, The 
matrix is chiefly clay and quartz silt. There is 
noticeably less muscovite mica and more chert 
in Eocene than in Cretaceous sands. Eocene 
ands are protoquartzites. The heavy-mineral 
assemblages of the Eocene and Pliocene sand- 
stones are similar to that of the Cretaceous but 
have somewhat less kyanite. 

Cross-bedding and cut-and-fill structures are 
abundantly present in both Eocene and Plio- 
cene sands. 

Tourmaline and polycrystalline quartz. Tour- 
maline angularity was assessed by examining 
30,980 grains. 

In Cambrian sandstones tourmaline angu- 
larity averages 28.5 per cent. It is appreciably 
less in Ordovician and Devonian sandstones, in 
which it is 9.4 and 8.6 per cent, respectively. 
In Mississippian sandstones, tourmaline angu- 
hrity averages 56.4 per cent. The Pennsyl- 
vanian, Cretaceous, and Tertiary sandstones 
average, respectively, 81.1, 93.2, and 85.2 per 
cent angular tourmaline grains. Thus the Cam- 
brian, Ordovician, and Devonian sandstones 
ae dominantly well rounded, the sandstones of 
Mississippian age have average moderate 
rounding, and those of Pennsylvanian, Cre- 
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taceous, and Tertiary ages are poorly rounded, 
as measured by tourmaline angularity. Figure 
5 shows examples of the angularity of the tour- 
maline grains from these three groups. 

Abundance of polycrystalline quartz was de- 
termined by a count of approximately 80,000 
grains. 


ABRASION HISTORY 


Short 


Intermediate 


Long 
E F 

Figure 5. Some typical tourmaline angularities 
shown in composite field of view: (A) Cretaceous 
protoquartzite, (B) Pennsylvanian subgray- 
wacke, (C) and (D) Mississippian protoquartz- 
ites, (E) Devonian orthoquartzite, and (F) 

Ordovician orthoquartzite 


Polycrystalline quartz averages 2.6 per cent 
in Cambrian sandstones. In Ordovician and 
Devonian sandstones, it averages only 0.6 and 
0.3 per cent. Many Devonian and Ordovician 
thin sections are essentially devoid of poly- 
crystalline grains. The average value for Mis- 
sissippian sandstones, however, is 4.4 per cent. 
As much as 22 per cent was noted in some slides 
from sandstone of the Marshall group of 
Michigan. Polycrystalline quartz averages 7.3, 
8.5, and 10.5 per cent in Pennsylvanian, Cre- 
taceous, and Tertiary sandstones. Some thin 
sections of Pennsylvanian sandstone contain as 
much as 22 per cent polycrystalline quartz 
(Siever, 1957, Table 1). 








POTTER AND PRYOR—DISPERSAL CENTERS 


Valley 








— 


|| TERTIARY 


LOG ig 


Figure 6. Average values of tourmaline angularity and polycrystalline 
quartz by system. Note correlation. 


The correlation between the average values 
of polycrystalline quartz and tourmaline angu- 
larity in each of the geologic systems is shown 
in Figure 6. In each system low tourmaline 
angularity is accompanied by low polycrystal- 
line quartz abundance, and a high incidence of 
angularity is paralleled by a high abundance of 
polycrystalline quartz. This correlation extends 
to the various sandstone types within the sev- 
eral systems as well as to individual samples. 








Figure 7. Composite field of view showing over- 
growths on tourmaline cores in (A) Tertiary-Cre- 
taceous protoquartzites, (B) Pennsylvanian sub- 
graywackes, and (C) Mississippian protoquartz- 
ites. Commonly both core and overgrowth are 


abraded. 
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The tourmaline grains exhibit another 
nificant property. A very small percentag 
perhaps | grain in 5000, of the Mississippian 
Pennsylvanian, Cretaceous, and Tertiary tour 
maline grains shows clearly defined overgrowth 
Although tourmaline overgrowths have bee { 
noted in the pre-Mississippian sandstones 0 
this i ae (Alty, 1933), they are excee 


of these pay Figure 7 illustrates such grai 
and Plate 2 shows an unusually fine example. 

Clay minerals. The clay minerals of theas 
sociated shales also exhibit broad groupings 
The predominant clay mineral in pre- Pennsy! 
vanian shales is illite. Mixed-lattice material 
follow illite in abundance in Mississippian, 
Devonian, Silurian, and Ordovician shales. ln 
the Pennsylvanian, illite continues to prt 
dominate, but chlorite and kaolinite rather 
than mixed-lattice materials are next in abun 
dance. Cretaceous and Tertiary shales haved; 
strikingly different clay-mineral suite in which 
montmorillonite and kaolinite are the dom 
inant clay minerals (Pryor and Glass, 1961). 
contrast to Paleozoic shales, the kaolinite ol 
Tertiary and Cretaceous shales is poorly c 
lized, and illite is a minor rather than majo 
constituent. 


Interpretation 


The significant variations in the petro 
graphic properties of the upper Mississippi 








Valley area clastics are tourmaline angularity, 
abundance of polycrystalline quartz, abundance 
and kinds of micaceous minerals, amount of 
feldspar, and the relative dominance of heavy 
and clay minerals. Table 6 summarizes these 
properties, dividing them into three broad 
groups: pre-Mississippian, Mississippian-Penn- 
wivanian, and post-Pennsylvanian. These three 
groups reflect rather closely the major tectonic 
events of much of eastern North America since 
Precambrian time. 

The low angularity, a good sorting, de- 
fciency of argillaceous rock fragments and 
micas, and general absence of matrix indicate 
that, as a group, the pre-Mississippian sand- 
stones have had an intense abrasion history that 
generally led to mature and supermature sand- 
stones. 

The extent to which crystalline rocks con- 
iibuted directly to pre-Mississippian sand- 
stones varies greatly. Although well rounded 
and well sorted, many of the Cambrian sand- 
stones contain abundant detrital feldspar and 
ig} amet. Moreover, hornblende, topaz, kyanite, 
saurolite, and other minerals of moderate to 
low stability are not entirely restricted to the 
basal Cambrian sandstones but are found also 
Sf in some younger Cambrian sandstones. Such 
facts suggest that Precambrian crystalline 
rocks were contributors to many Cambrian 
§ sandstones. 

Although Ordovician sandstones such as the 
New Richmond contain some feldspar, the 
iNs§ striking predominance of quartz, zircon, and 
tourmaline in Ordovician sandstones points to 
asource predominantly consisting of sediments, 
most of which were already relatively mature. 
The unstable heavy minerals that are present 
in minor amounts have a restricted occurrence 
and are found in regions proximal to exposed 
crystalline rock areas, such as the southern 
edges of the Canadian Shield and the Ozark 
dome. The abundance of garnet and presence 
of staurolite in the Glenwood sandstone in 
portions of Minnesota and Wisconsin is espe- 
cally noteworthy. 

In the Devonian, first-cycle sandstones de- 
# tived from crystalline rocks were almost non- 
# cistent. The extreme mineralogical and tex- 
tural maturity of the Devonian sandstones in- 
dicates a source that contained only mature 
sandstones, 

With the exception of sandstones such as the 
Babylon, Bushburg, and Sylamore, all volu- 
'} metrically insignificant and all principally de- 

tived from lower Paleozoic sandstones, Missis- 
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sippian and Pennsylvanian sandstones are less 
mature. 

The high angularity and abundant argilla- 
ceous rock fragments and micas of the Kinder- 
hook and Osage subgraywackes in the Illinois 
and Michigan basins prove that these sand- 
stones could not have been derived from under- 
lying lower Paleozoic sandstones. These sand- 
stones, therefore, reflect an entirely new source 
in which mature sandstones were relatively 
scarce. The large volumes of these sandstones 
make it improbable that the major source re- 
gion lay within the sample area. The abundant 
detrital matrix and micas imply poor sorting 
and hence probably rapid sedimentation at the 
site of deposition. In both the Illinois and 
Michigan basins most of these sandstones repre- 
sent marine deposition (Monnett, 1948, p. 
682-688; Swann e¢ a/., 1953). With the excep- 
tion of the western part of the Michigan basin, 
the heavy minerals in these subgraywackes do 
not differ greatly from those of the pre-Mis- 
sissippian sandstones. 

The protoquartzites of the Chester and 
Caseyville sandstones have properties inter- 
mediate to those of the mature pre-Mississip- 
pian sandstone and the Mississippian and Penn- 
sylvanian subgraywackes. The Chester and 
Caseyville sandstones represent detritus derived 
from the mature pre-existing sandstones such 
as the lower Paleozoic sandstones, from less 
mature sandstones such as the Mississippian 
subgraywackes, and possibly from some crystal- 
line rocks. The large volume of sediments sug- 
gests that much of this material came from be- 
yond the sample area. The broad petrologic 
homogeneity of the Chester sandstones in the 
Illinois basin indicates that the great bulk of 
this detritus was well mixed by the time it 
reached the basin. The basal Pennsylvanian 
sandstones, however, show a western and east- 
ern mineral association (Siever and Potter, 
1956, p. 320-322). The greater immaturity of 
the detritus in the eastern association indicates 
a resurgence of tectonic activity. 

The younger Pennsylvanian subgraywacke 
sandstones dominantly reflect this now major 
tectonic activity. Mature pre-existing sand- 
stones made almost no contributions to these 
sandstones. Immature sandstones were prob- 
ably the chief source and were supplemented 
by some low-rank metamorphic and crystalline 
rocks. Both the large volume and wide area 
covered by Pennsylvanian sediments indicate 
that the immature sandstones of this sequence 
very largely represent detritus introduced to 
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the region. Relatively rapid sedimentation and 
ubsidence probably account for the poor sort- 
ing at the site of deposition. 

The tourmaline overgrowths provide a re- 
vealing insight into the behavior of this source 
grea. Abraded overgrowths on abraded cores 
imply authigenesis or low-rank metamorphism 
of relatively mature lower Paleozoic sand- 
sones. Erosion in Mississippian and Pennsyl- 
vanian time released these grains and trans- 
ported them to the region west of the Cin- 
cionati and Findlay arches, partially rounding 
the overgrowths. Thus, the dominant Mis- 
isippian and Pennsylvanian source area had 
already had at least one episode of orogenic ac- 
tivity in the lower Paleozoic. 

The Cretaceous and Tertiary protoquartzite 
andstones of the Mississippi Embayment con- 
titute the third major suite. Judged only by 
agularity, muscovite mica, feldspar, and 
argillaceous rock fragments, these sandstones 
could have had a source broadly similar to that 
of the Mississippian and Pennsylvanian sub- 
gaywackes. Their heavy-mineral suite pre- 
dudes this possibility, however. The principal 
heavy minerals of these sandstones are kya- 
nite, staurolite, and sillimanite; this indicates 
that the source of the Cretaceous and Tertiary 
sandstones, unlike that of the preceding Paleo- 
mic sandstones, was dominated by high-rank 
metamorphic rocks such as mica schists and 
gneisses. The abrupt change in source rock 
from Paleozoic to Cretaceous time indicates 
major rejuvenation and uplift of a new source 
region during the erosional interval between 
the Pennsylvanian and Cretaceous and thus 
reflects the first major contribution of detritus 
from a major metamorphic terrain located out- 
side the sample area. As in Mississippian and 
Pennsylvanian sandstones, some tourmaline 
grains with subrounded overgrowths on abraded 
detrital cores are present and imply rejuvena- 
tion and metamorphism of pre-existing sand- 
stones in the source region. The small quanti- 
ties of feldspar associated with these less mature 
heavy minerals of the Cretaceous and Tertiary 
undstones are best explained by deep weather- 
ing of the regolith of the source region. The 
rarity of well-rounded grains indicates that pre- 
existing sandstones with appreciable abrasion 
history had no significance as source rocks. 
Parts of the Tertiary sandstones were, how- 
wer, derived from the underlying Cretaceous. 

Considered in broad perspective, the pre- 
Mississippian, Mississippian-Pennsylvanian, and 
post-Pennsylvanian sandstones can be given a 
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relatively simple petrographic interpretation. 
The progressive increase in maturity of the 
Lower Paleozoic sandstones can be considered 
as the result of progressive attrition in a sedi- 
mentation system to which crystalline rock 
contributions were only important in Cambrian 
time. Progressive reworking on stable marine 
shelves produced the petrographic properties 
of this sequence. Although mature sandstones 
of the pre-Mississippian type contributed 
detritus, especially to Chester and Caseyville 
sandstones, the immature detritus of the Mis- 
sissippian and Pennsylvanian sandstones repre- 
sents the initial contribution of a major new 
source to the region west of the Cincinnati and 
Findlay arches. Immature pre-existing sedi- 
ments, low-rank metamorphic rocks, and 
quartzofeldspathic terrains were the principal 
source rocks. In the Cretaceous and Tertiary a 
distant region containing high-rank meta- 
morphic rocks and yielding immature sand- 
stones was the principal source of supply. 

The clay minerals, like the heavy minerals, 
illustrate major differences between the Paleo- 
zoic sediments and those of the Cretaceous and 
Tertiary of the Mississippi Embayment. 

Where illite is the dominant clay mineral in 
the Paleozoic sedimentary rocks (Grim et al., 
1957; Weaver, 1959), montmorillonite and/or 
kaolinite (depending upon the facies) are the 
dominant clay minerals in the Cretaceous- 
Tertiary sediments. Kaolinite constitutes the 
chief minor clay mineral in the Cambrian, 
Mississippian, and Pennsylvanian sediments, 
whereas chlorite or mixed-lattice materials are 
the chief minor constituents in the Ordovician, 
Silurian, and Devonian sediments. 

Murray (1953, p. 60), Keller (1956, p. 2704- 
2708), Degens et al. (1957, p. 2443), and 
Weaver (1959, p. 166; 1960) have demon- 
strated that kaolinite is a common constituent 
of nonmarine and littoral Paleozoic sedimentary 
rocks, whereas illite is common to the marine. 
Pryor and Glass (1961) and Groot and Glass 
(1960) also have shown that kaolinite is domi- 
nant in the fluviatile and littoral argillaceous 
materials and that montmorillonite is dominant 
in the marine shelf sequence of the Cretaceous 
and Tertiary of both the Mississippi Embay- 
ment and Atlantic Coastal Plain. These rela- 
tionships suggest a strong environmental con- 
trol of clay mineralogy for both the Paleozoic 
and Cretaceous-Tertiary argillaceous sediments. 

The alteration of montmorillonite to a mica 
type of mineral (illite) may account for its 
general absence in sediments older than Meso- 
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zoic (Grim, 1953, p. 364) and suggests that 
postdepositional diagenesis is the most im- 
portant factor in the differences in clay miner- 
alogy between the Paleozoic and Cretaceous- 
Tertiary sediments. Differential preservation 
also is a contributing factor as is evidenced by 
the fact that nonmarine and littoral facies are 
less commonly preserved in older than in 
younger sediments (Gilluly, 1949, p. 580). 
Hence, there is less likelihood of a kaolinite-rich 
shale in older sediments. 


PRESENT 
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POPCPDOOOMOOEDS 
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GRAND MEAN 


Figure 8. Mean values of present stream pattern and cross-bedding of 
pre-Pleistocene sandstones. Numbers refer to units of Table 7. 


Weaver (1958; 1959; 1960) suggests that 
clay minerals in sedimentary rocks strongly 
reflect the character of their source materials 
and are only slightly modified by their deposi- 
tional and _ postdepositional environments. 
However, Keller (1956) cautions against the 
use of clay minerals alone as indicators of 
source-area environments and suggests that 
depositional environment has an equally im- 
portant role in the clay-mineral assemblage of 
sedimentary rocks. Pryor and Glass (1961, p. 
51) list provenance, depositional environment, 
and diagenesis as the most important variables 
that control the final clay-mineral assemblages 
in sedimentary rocks. The clays, therefore, are 
of only relatively minor value in identifying 
the major dispersal centers. 


DIRECTIONAL EVIDENCE 


General 

Information derived from studies of cross- 
bedding, major unconformities, and facies maps 
provides the major key to location of the major 


POTTER AND PRYOR—DISPERSAL CENTERS 


STREAM PATTERN 


dispersal centers from which the detrital segj. 
ments of the sample area came. 

Although others are present, cross-beddj 
is the most useful sedimentary structure fo, 
determining transport direction. The ¢rog. 
bedding in all these sandstones is similar, Both 
planar and trough cross-bedding (McKee and ( 
Weir, 1953, p. 387) are present. Typically 
cross-bedded units are less than 30 inches thi 
although units as much as 10 feet thick haye TI 
been noted. 


t\ 
) 


In the last 10, and especially in the last 5, 
years, considerable cross-bedding data have 
been gathered in the upper Mississippi Valley 
and adjacent areas. Table 6 summarizes this 
information, both published and unpublish- 
ed. Altogether, 9141 observations were ob 
tained on formations ranging in age from Plic 
cene through pre-Keweenawan!. Because of the 
difficulties of correlation, the Precambria 
units of Table 7 are divided into two groups 
Keweenawan (late Precambrian) and pre 
Keweenawan (middle Precambrian). 

Table 7 also includes the orientation of 
present stream pattern in the region. Ap’ 
3 gives the details of our sampling proced 

Mean values were computed for each whi 
of Table 7 by using the Tukey test (Harrison, 
1957, p. 98-105; Rusnak, 1957, p. 53-54). This 















1 Since June 1959, several thousand additional cro 
bedding observations have been made in Paleozoic sant 
stones of the study area. These have not been i 
in Table 7; they confirm the implications of the tabe 
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trital sedi-f ast yields vectorial means independent of a Essential to interpretation of a paleoslope 
_ | choice of origin. All the means are significant _ is the reliability of the information on cross- 
»ss-bedding at the 0.95 level, and most are significant well bedding and major unconformities and of the 
ructure for teyond the 0.995 level. The grand mean of all facies maps on which estimates of paleoslope 
The crog- gi41 cross-bedding observations is 194° are based. In our study, the paleoslope in- 
nilar. Both (wimuth). The probability that this distribu- terpretation was developed by beginning with 
McKee and tion could have arisen from the sampling of a the most recent sediments and working back- 
Typically, iniform distribution of cross-bedding direc- ward in time. 


rches thick # -. ; —154 os > 
2 tions is 2.48 x 10-4, which is almost nil. ; 
thick have The mean values of Table 7 fall into three Recent and Pleistocene 
. ft rather clearly defined stratigraphic groups: pre- The present regional slope of most of the 


Keweenawan (middlePrecambrian),Keweenaw- sample area is to the south. The orientation of 


Sand-Clay Ratio 
Greater than 2 
wigs From 2 to | 
Less than | 
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«— Average cross-bedding S wat 
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Figure 9. Lithofacies, cross-bedding, and cross section of 
McNairy formation in upper Mississippi Embayment 
(adapted from Pryor, 1960, Figs. 2, 13, 17) 





an (late Precambrian), and post-Precambrian. the higher-order streams in the area closely 
Figure 8 shows the distribution of these mean reflects this regional slope, the mean value of 
values. Table 7 and Figure 8 indicate that the which is 188°. 

dominant cross-bedding direction of the pre- Although we did not make comparable 
Keweenawan sandstones is southeastward. In studies of the widespread Pleistocene drift 
contrast, the cross-bedding means of the _ sheets, the general direction of sediment trans- 
Keweenawan sandstones are more disperse but port in both glacial till and outwash deposits 
suggestive of a dominant northwestward direc- was commonly between 135° and 225° and 
tion, With the exception of the Chapel Rock hence varies but little from the present slope. 
8 and Jacobsville sandstones of upper Michigan, The direction of preglacial drainage, as de- 
almost all the other younger Paleozoic, Creta- _ picted by Horberg (1950, p. 98) and Thornbury 
“cous, and Tertiary sandstones have south- (1958, p. 451), is essentially the same as that 
westward-oriented cross-bedding. The vecto- of the present streams. 

tial mean of the present stream pattern of the 

ditional coe ample area, 188°, is significant far beyond the Tertiary and Cretaceous 

Paleozoic sit 1.05 level and differs by only a few degrees In the Pliocene the transport direction of 
been include] from the grand mean, 194°, of all the pre- the fluvial Lafayette-type gravels on the 
s of the tak Plistocene cross-bedding of the same area. Smithland (Bentley) and Lancaster-Ozark 
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(Williana) erosion surfaces of the upper Missis- 
sippi Embayment and adjacent areas also close- 
ly parallels the present stream pattern (Potter, 
1955, p. 125-127). Thus, excluding contribu- 
tions from the ancestral Tennessee River in 
parts of western Tennessee and Kentucky, the 
drainage and sediment-transport pattern in 
Pliocene time was dominantly to the south and 
southwest over much of the southern parts of 
our study area. 

The Eocene sediments truncate the under- 
lying Cretaceous and form a series of three 
units (Wilcox, Claiborne, and Jackson) off- 
lapping southward. The succeeding later Terti- 
ary units (Miocene and Oligocene) uncon- 
formably overlie the Eocene and offlap to the 
south. Cross sections and paleogeographic re- 
constructions by Stearns (1958) show the pro- 
gressive offlap of the Eocene sediments and a 
gradation from nonmarine conditions in the 
north to nonmarine conditions to the south- 
west. The cross-bedding directions in the 
Eocene sandstones at the head of the Missis- 
sippi Embayment harmonize closely with this 
data. The average cross-bedding direction of 
the Eocene sands, 199°, shows that in this sedi- 
mentation system cross-bedding provides a re- 
liable measure of the regional direction of 
sediment transport and hence accurately re- 
flects the paleoslope. 

The lithofacies map and cross section (Fig. 
9) of the late Cretaceous sediments in the upper 
Mississippi Embayment show coarse fluviatile 
and deltaic sediments in the north, grading 
southwestward into fine-grained marine-shelf 
clastics and chalks. The mean value of the 
cross-bedding of the McNairy sandstone, 236°, 
indicates that the dominant direction of sedi- 
ment transport was from the northeast toward 
a marine-shelf environment to the southwest. 
Thus, as in the Eocene sands, late Cretaceous 
regional cross-bedding agrees closely with the 
major distribution of marine, littoral, and non- 
marine facies and accurately reflects the paleo- 


slope. 
Pennsylvanian and Mississippian 


The Pennsylvanian and Mississippian sand- 
stones of the Illinois and Michigan basins have 
cross-bedding directions very similar to those 
of the Cretaceous and Tertiary sands of the 
Mississippi Embayment. Average values for the 
Caseyville (and equivalents) and post-Casey- 
ville sandstones are 214° and 232°. The average 
cross-bedding direction for the Chester sand- 
stones of Mississippian age in the Illinois basin 
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is 215°, and in Michigan the Mississippian 
Marshall group sandstone has an average valy 
of 228°. 

Interpretation of these data is significant jp 
determining the regional slope and is based op 
(1) knowledge of the environment of depos. 
tion and (2) the internal consistency of crog. 
bedding direction with petrologic evidence an 
patterns of truncation along major uncop 
formities. 

Evidence of the environment of deposition 
is closely related to the distinction between 
sheet and channel phases of Mississippian and 
Pennsylvanian sandstones. This distinction ha 
been noted widely in Pennsylvanian sandstone; 
and recently has been emphasized for Cheste; 
sandstones. The sheet phase has a transition, 
base and is thinner-bedded and finer-grained 
than the channel phase. The channel phase is 
3-6 times thicker than the sheet phase and 
commonly has a distinctly lenticular, meander. 
ing outline (Mueller and Wanless, 1957, Fig. 7; 
Hopkins, 1958, Pl. 1; Potter e¢ a/., 1958, Fj 
11-14). Cross-bedding is best developed in the 
channel sandstones and subparallels the 
axes of channel-phase sand bodies. Although 
exceptions do exist, most channel-phase sand- 
stones have been regarded in the literature as 
principally, the products of fluviai deposition. 
According to this interpretation, the Pennsyl- 
vanian cross-bedding and Chester cross-beddi 
reflect the regional slope of Carboniferous sedi: 
mentation surfaces just as the present stream 
pattern reflects the present regional slope. A 
combined low-lying coastal plain and margin 
shallow marine shelf appears to provide the 
best large-scale model of the environment 
deposition. 

Other evidence supports this interpretation 
of the paleoslope. Swann et al. (1953, p. 148), 
1481) have shown the existence of a paleoslop 
trending southward in the subgraywacke Osage 
siltstones of the Illinois basin. Pinsak (1957, p. 
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44-48) has shown the same slope for the direc 
limestone in Indiana. These interpretationg W 
agree with those of Sterns (1933, p. III) and tion 
Monnett (1948, p. 682) who emphasized # sout! 
dominant eastern and a secondary basir 
source for the Marshall group sandstones 0 form 
Michigan. Cohee and Underwood (1944) have west, 
shown that the Berea formation has a ally s 
east trend in eastern Michigan. Moreover, te tea 
Marshall cross-bedding of eastern Michiganil was s 
also has a southwestward orientation that Mera 


though younger, strikingly parallels the suf cut 
surface Berea trend (Fig. 10). 





Major carbonate deposition followed this 
arly immature siltstone and sandstone and was 
in turn succeeded by the alternating limestone, 
tale, and sandstone sequence of the Chester 
1 is based anf series. Figure 11 shows Chester cross-bedding, 
it of deposi an isopach of a portion of the interbedded 
acy of crog. | imestones, and the major trend of Chester 
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Figure 10. Berea formation and Marshall formation 
cross-bedding of Michigan basin (adapted from 
Cohee and Underwood, 1944, Fig. 1) 





main sandstone trends with their southwest- 
ward-oriented cross-bedding extended into 
ateas more favorable for marine carbonate de- 
position, indicating a dominant transport 
alenf direction down the paleoslope. 
of =With the termination of Chester sedimenta- 
@ ton in the Illinois basin, this regional slope to the 
wuthwest continued to prevail. In the Illinois 
Mm basin the Mississippian-Pennsylvanian uncon- 
ity truncates older rocks to the north- 
West, north, and northeast, indicating a gener- 
ily southward direction of tilting. Even in an 
Hf uta as negative as the Michigan basin, erosion 
vas sufficient to remove any evidence of post- 
iat Meramecian sediments. Moreover, the stream- 
llels the sub cut channels of the Mississippian-Pennsyl- 
vanan unconformity that have been mapped 
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in subsurface by Siever (1951, p. 561) and 
Wanless (1955, p. 1764-1765; Fig. 2) show a 
dendritic pattern of drainage to the southwest. 
The good correspondence between this system 
of fluvially entrenched channels to both the 
underlying Chester and overlying Pennsyl- 
vanian cross-bedding demonstrates the relia- 
bility of cross-bedding for inferring paleo- 
slopes in these sediments. Therefore, at least 
as early as Osage time, the Mississippian and 
Pennsylvanian clastics of the Illinois basin 
accumulated on a paleoslope dipping domi- 
nantly southwest. This paleoslope prevailed 
throughout important periods of marine car- 
bonate deposition, was the controlling factor 
in both the pattern of regional truncation and 
the orientation of the entrenched channels of 
the Mississippian-Pennsylvanian unconformity, 
and continued in the Pennsylvanian. Although 
evidence is less comprehensive, the Pennsyl- 
vanian sediments of the Michigan basin appear 
to have had a paleoslope similar to that of the 
Illinois basin in Pennsylvanian time. The same 
is true for the Mississippian sediments of the 
Michigan basin, although restricted basin con- 
ditions implying negligible paleoslope existed 
part of the time. 


Lower Paleozoic 


Exposure and sandstone development re- 
strict most studies of cross-bedding of the lower 
Paleozoic sandstones to the Ordovician and 
Cambrian sandstones of Wisconsin, Minnesota, 
and upper Michigan. Except for the Jacobs- 
ville and Chapel Rock sandstones of upper 
Michigan, all these sandstones have southerly 
and southwesterly cross-bedding directions. 

Our evidence of the direction of sedimenta- 
tion agrees with the opinions of previous work- 
ers. Dake (1921, p. 207-210), Lamar (1928, 
p. 59-62), Thiel (1935, p. 610-611), and Tyler 
(1936, p. 82) inferred a northern source for the 
Ordovician sandstones. The mean values of the 
Glenwood-St. Peter and New Richmond cross- 
bedding, 220° and 155°, support these con- 
clusions. Dake (1921, p. 212-216), DuBois 
(1945, p. 29-33), and Dapples (1955, p. 445- 
446) also emphasized the northward trans- 
gressive character of the St. Peter sandstone. 
Although recognizing an ultimate northern 
source, Dapples (1955, p. 464-467) considered 
the St. Peter sandstone to represent a largely 
littoral deposit whose main transport direction 
parallels the strand line. 

Petrographic studies of the Cambrian sand- 
stones of Wisconsin, Minnesota, and [Illinois 
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have indicated a dominant northern source 
(Graham, 1930, p. 715; Pentland, 1931, p. 34; 
Templeton, 1951, p. 158; Driscoll, 1959, Fig. 
5). Stratigraphic studies in southeastern Minne- 
sota and southern Wisconsin (Twenhofel ez a/., 
1935, p. 1714-1715; Berg, 1954, p. 876-877) 
indicate that the Cambrian sediments form a 
transgressive-regressive sequence with deposi- 


Average cross-bedding 
of 12-mile interval 


507 Thickness of limestone, 
a interval 5O feet 


f Outcrop of Chester Series 


Figure 11. Chester cross-bedding, limestone isopach (Glen Dean to * 
base of Aux Vases sandstone) and principal sand trends. Arrow 
diagrammatically indicates preferred location and trend of Chester 
sandstones. Adapted from Potter et al. (1958, Figs. 15, 17) 


tional strike approximately northwest. By inte- 
grating stratigraphic relationships, size data, 
and regional heavy-minerals studies, Driscoll 
(1959, Fig. 5) has shown how this transgressive- 
regressive concept extends from southwestern 
Wisconsin to northern Michigan. This implies 
a paleoslope, in dominantly marine sediments, 
to the south and southwest. The available 
cross-bedding data broadly correspond to these 
directions. Hamblin (1961) extended the syn- 
thesis of Driscoll and supplemented it with 
cross-bedding data. Figure 12 shows Hamblin’s 
interpretation and illustrates both the broad 
south-southwestern direction in most of the 
area as well as the northwestern direction in 


upper Michigan. 
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Petrologic, isopach, and structural data aly § Th 
imply a paleoslope interpretation for the north} St. 
west-oriented cross-bedding of the Jacobsyik§ Mi 
and Chapel Rock sandstones of upper Michigan} | 
(Hamblin, 1958, p. 51-57, 93-95). 0] 

The pre-Middle Devonian and pre-St. Pete; 10 
unconformities of the upper Mississippi Valley§ sou 
region support a paleoslope interpretation of 
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ile 


‘50 Miles 


80 Kilometers 








Cambrian and Ordovician cross-bedding. Both 
unconformities are best developed along bast 
margins and proximal to the region’s mi 
positive areas, such as the Transconti 
arch, the Wisconsin arch, and the Ozark 
In northeastern Illinois the pre-St. Peter 
exceeds 250 feet (Suter e¢ al., 1959, Fig. 
Excluding areas around the Ozark dome ai 











some of the regional arches, both une = 
ties generally truncate older sediments to tq 

north toward the flanks of the Canadian Shi a 
Figure 13 shows examples of these relati od 
In both instances greater truncation along! self 
margins of the Canadian Shield show regio Th 
rejuvenation to the north with resultant pale ea 


slopes to the south, southwest, and sow 





This also is reflected in an isopach of the pre- 
st, Peter Paleozoic sediments of the upper 
Mississippi Valley and Michigan basins (Cohee, 
1948, Fig. 2; Swann et al., 1951, Fig. 153). This 
<opach, the result of both regional thickening 
to the south, introduction of new units in the 
guthern part of the area, and pre-St. Peter 


ral data aly 
ir the north. 
> Jacobsville 
. Michigan 
re-St. Pete; 
sippi Valley 
pretation oj 
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Mississippi Valley and adjacent areas, the paleo- 
slope, which dips gently south-southwest, has 
remained almost unchanged. Closed basins of 
essentially zero paleoslope that developed in 
negative areas and a few local reversals to the 
north are the only important exceptions. The 
Devonian and Silurian evaporites of the Michi- 
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erosion, shows marked thinning northward 
toward the Canadian Shield. 

J Although more data are needed, the rela- 
J uonships between cross-bedding, unconforrni- 
yu wes, and facies relations of the lower Paleozoic 
4 sdiments are in general similar to those of the 
> nif Mississippian and younger sediments. These 
da smilarities point to a dominant paleoslope 
interpretation of the cross-bedding orientation 
xf Of most of the Ordovician and Cambrian 
a Midstones, many of which have a marine- 

origin. 

Thus, throughout most of the 500-million- 
year post-Precambrian history of the upper 









gan basin and less extensive Mississippian 
evaporites in the Illinois basin indicate the 
existence of such closed basins. Perhaps the 
best example of a northeastward paleoslope is 
provided by the Devonian deposits of the 
Michigan basin (Briggs, 1959, Figs. 2, 7). The 
stratigraphic and areal scope of our data indi- 
cates, however, that exceptions are insignificant 
compared to the persistence throughout Pale- 
ozoic and later time of the south-southwesterly 
paleoslope. 


Precambrian 
The cross-bedding directions of the Pre- 
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cambrian sandstones of the sample area also and in some places are more than 5000 fee 
contribute to interpretation of the Paleozoic- thick. The dominant transport direction is to 
Cretaceous-Tertiary sequence. The red clastics the southeast. Along the north shore of Lake 
(Jacobsville sandstone and Bayfield group) of Huron this direction has prevailed th 

Wisconsin, Minnesota, and Michigan have almost 20,000 feet of sediments (Pettijoha, 
cross-bedding that appears to outline the con- 1957a, p. 477). This uniformity in current 
figuration of the Lake Superior syncline, is direction, both in thick section and over wide 
dominantly fluvial in origin, and hence closely area, suggests major tectonic control. Pettijohn 
reflects paleoslope (Hamblin, 1961, p. 6, 7, 8). (1957a, p. 477) and McDowell (1957, p. 24-31) 
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Figure 13. North-south cross sections of lower Paleozoic sediments: (A) Devonian relations in north 
central Iowa (after Stainbrook, 1935, Fig. 205), (B) lower Paleozoic relations from Oklahoma to Canada 
(modified from Dake, 1921, Pl. 2) 


The older Keweenawan cross-bedding data have inferred that these quartzites represent 
from upper Michigan and adjacent Wisconsin detritus derived from a positive area to the 
also show, along the south shore of Lake northwest. 
Superior, a dominant transport direction to 
the northwest, a direction similar to that of DISPERSAL CENTERS 
the overlying Cambrian sandstones of the same 
area. On Isle Royal on the north limb of the 
Lake Superior syncline cross-bedding dips to One of the most striking single character 
the southeast. These sandstones are believed _ istics of the Paleozoic, Cretaceous, and Tertiary 
to be largely of fluvial origin (Thwaites, 1912, sediments of the upper Mississippi Valley and 
p. 101-102; Hamblin and Hornor, 1961, p.210) adjacent areas is the number of relatively thin 
and closely reflect the configuration of the and often widely traceable sedimentary units. 
Lake Superior syncline. In Illinois alone about 170 pre-Pleistocene 
The pre-Keweenawan quartzites in the Lake formations have been named. The Pennsyl 
Superior region from northeastern Iowa to the vanian sediments of the stable shelf area of 
northern shore of Lake Huron (Brett, 1955; western Illinois provide an extreme ¢ 
Pettijohn, 1957a; McDowell, 1957) have domi- In this area Wanless (1957, p. 51-122) has 


nantly shallow-water sedimentary structures recognized 154 members in a total Pennsyl- 
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vanian section of only 500 feet. Such sections 
contrast sharply with the thick units of oro- 
genic sedimentation. 

The presence of many widely traceable units 
in the upper Mississippi Valley region implies 
many widespread domains of sedimentation. 
Their thinness is the result of comparatively 
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cross-bedding indicates that the _pringip! 
source area for the Cambrian sandstones of 
upper Michigan was a linear positive area g. 
tending eastward through northern Michi 

and connecting the Wisconsin arch with, 
positive area in Ontario (Hamblin, 1958, 

135; 1961, p. 15-18). Along the north side of 
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Stipple density is proportional to maturity of sandstones. contri 

Succes 

north 

minor unconformities and diastems indicate south side of this source region the paleoslope| Paleos 
many minor interruptions of sedimentation. probably was initially oriented southward and| of Can 
In terms of a geologic history that emphasizes southeastward toward the Michigan basin |‘tones 
minor environmental changes and the details Southwestward in Wisconsin the Precambnan|stbilit 
of regression and transgression of epicontinental _ rocks of the Wisconsin arch were an important | Cambr 
seas on a stable platform, these sediments do source. Farther westward the Transcontinental j tones 
have a complex history. But judged from the arch also probably contributed clastic sede} /cent 
point of view of the recognition and persistence ments. Excluding upper Michigan, the paleo} re 
of major clastic dispersal centers, this region has_ slope was oriented dominantly to the sotit about 
a very simple history. The integrated inter- west, south, and southeast throughout mostd} y;..;.. 
pretation of petrology, cross-bedding, major this broad region. Probably most of the sani 
unconformities, and facies maps form the and muds in Cambrian time were trans Begi 
foundations of this unifying, internally con- to shallow marine shelves by relatively small} Portan 
sistent interpretation. The salient points of streams draining the Precambrian hinterland dimini 
this interpretation are summarized in Table 7 Locally abundant feldspar, garnet, and the Mississ 
and Figure 14. presence of some unstable heavy minerals i j*moun 
ei ial a dicate the importance of the direct contribution from e: 
er nae of crystalline rocks to Cambrian sandstones The ke 
The combined evidence of petrology and The relative mineralogical and textural mf olycry 





ij urity of many Cambrian sandstones, however, 
also indicates that Keweenawan and pre- 
Keweenawan sandstones were important and 
may even have been the principal contributors. 

The greater maturity of most of the Ordovi- 
cian sandstones implies a source of pre-existing 
of | sediments. The pre-St. Peter unconformity, 
4. | cross-bedding, and petrographic data show that 


Along the | most of the Ordovician sandstones were de- 


rived from the underlying Cambrian sand- 
-'stones. Although studies of heavy minerals 
‘show some unstable species, especially where 
the Ordovician is proximal to the Precambrian 
basement, direct crystalline rock contributions 
to Ordovician sandstones appear to have been 
minor. Relatively small streams draining the 
Cambrian hinterland probably deposited most 
\of the sands and muds on shallow, stable marine 
jchelves. The pre-St. Peter unconformity and 
| he available cross-bedding indicate that the 
| aleoslope was dominantly to the south, south- 
-|.4st, and southwest throughout much of the 
atral part of the craton. 
[he extreme mineralogical and _ textural 
iturity of the Devonian sandstones implies 
‘| erivation from mature pre-existing sediments. 
‘|The Ordovician sandstones were the principal 
source and the Cambrian sandstones a probable 
iminor source. Crystalline rock contributions 
‘were almost nonexistent. 
The petrologic properties of the lower 
1} Paleozoic sandstones are therefore the result of 
progressive sedimentary differentiation in a 
sedimentation system to which crystalline rock 
contributions were only initially important. 
Successive rejuvenation of the craton to the 
north was responsible for persistent southerly 
paleoslopes and led to the progressive recycling 
of Cambrian, Ordovician, and Devonian sand- 
stones under conditions of extreme tectonic 
stability. Be they Devonian, Ordovician, or 
Cambrian in age, the pre-Mississippian sand- 
stones of the upper Mississippi Valley and ad- 
jacent areas all have the same ultimate source, 
the reservoir of Precambrian rocks centered 
about the Lake Superior region. 
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Mississippian and Pennsylvanian 

Beginning with Mississippian time, the im- 
portance of the Lake Superior dispersal center 
erland.|iminished. For the first time in the upper 
Mississippi Valley and adjacent areas, major 
jr}*Mounts of immature clastics were derived 
m4 ‘fom east of the Cincinnati and Findlay arches. 
nes the key indices of this new source region are 
wfPolycrystalline quartz, angular grains, and 
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abraded tourmaline overgrowths on abraded 
cores. 

Available subsurface and cross-bedding data 
indicate that most immature Osage and Kin- 
derhook clastics of the Illinois and Michigan 
basins were derived from the northeast. Petro- 
graphically similar sandstones of broadly com- 
parable age (Waverly, Cuyahoga, Berea, and 
Pocono) occur in the Appalachian basin in 
Ohio, Kentucky, West Virginia, and Pennsyl- 
vania. Pepper e¢ al. (1954, p. 95-107, Fig. 59) 
have indicated that the dominant source of the 
Berea sandstone in northern Ohio lay to the 
northeast and hypothesized that an ancient 
river system drained southwestward and col- 
lected clastics from both the Canadian Shield 
and the northern Appalachian basin. In western 
Pennsylvania and West Virginia they also rec- 
ognized contributions from the east and south- 
east. In Pennsylvania the Pocono deltaic se- 
quence was derived from tectonic borderlands 
southeast of the present Appalachian basin 
(Pelletier, 1958, p. 1056-1059). The large 
volume of these immature sandstones and the 
known middle and late Paleozoic activity of the 
tectonic borderland southeast of the ancestral 
northern Appalachian area minimize the role of 
Canadian Shield contributions. Another factor 
favoring a predominant Appalachian source is 
the abraded tourmaline overgrowths on abraded 
cores. If these had originated in the Precam- 
brian rocks of the Canadian Shield they proba- 
bly would not be restricted to Mississippi and 
younger sands. Although we recognize the role 
of Canadian Shield contributions, we believe 
that a large southwestward-flowing river sys- 
tem, collecting sands and muds mainly from the 
northern Appalachian area, was the principal 
source of the Osage and Kinderhook subgray- 
wackes of the Illinois. and Michigan basins. 
Comprehensive petrographic studies of the 
sandstones coupled with age determinations of 
detrital feldspars and micas such as have been 
made by Vistelius (1959) would help evaluate 
the importance of Canadian Shield contribu- 
tions. 

A similar river system flowing southwest but 
shifting laterally as time passed is the most 
plausible means of distributing the Chester 
clastics of the Illinois basin. The maturity of the 
Chester sandstones suggests some contributions 
from the lower Paleozoic sandstones of the 
upper Mississippi Valley region. 

The Pennsylvanian sandstones also initially 
received important contributions from the 
lower Paleozoic and Mississippian sandstones of 
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the upper Mississippi Valley and adjacent re- slope, indicates that the principal dispersal] oressive 
gions. Increasing immaturity, large volume, and __center of the Cretaceous-Tertiary clastics of the} These cl 
the available studies of cross-bedding and peb- _ upper parts of the Mississippi Embayment was} and elim 
ble gradient (Potter and Siever, 1956, p. 240- _ the rejuvenated and deeply eroded axial parts make it 
243; Nickelsen, 1958, p. 791-796; Pelletier, of the southern part of the Appalachian geo-Jandston 
1958, p. 1059-1061) show, however, that high-  syncline. Some Paleozoic sedimentary rocks fancient 
lands southeast of the northern half of the probably mainly Pennsylvanian, also made} tory exp 
Appalachian basin contributed most of the small contributions. A major drainage system} cept. Al 
clastics, although at least some were transported heading in the Piedmont region transported} tions cot 
southwestward parallel to the axis of the geo- most of these sands and muds to a combination mentary 
syncline (Williams, 1959, Fig. 4). These clastics delta and shallow marine shelf at the northernfin the in 
entered the upper Mississippi Valley region end of the Mississippi Embayment. Essentially eaviront 
from the east and northeast. There is no petro- the same source and paleoslope relations pre- general 1 
graphic evidence to support the idea that the _vailed in the Tertiary. Cretaceous and Fhe sout 
younger Pennsylvanian subgraywacke sand-  pre-Cretaceous sands and clays also made some| upper M 
stones had as an important source the older minor contributions to the Testiary sediments, point ol 
Pennsylvanian protoquartzites of the now To summarize, the Paleozoic, Cretaceous, paper, f 
eroded western flank of the Cincinnati arch and Tertiary clastics of the upper Mississippi possible 
(Friedman, 1960, p. 40-45). Smaller streams Valley and adjacent areas have had three major} Our « 
entering the Illinois and Michigan basins from _ dispersal centers: the Precambrian rocks of the} tion is i 
the north and northwest also made contribu- Lake Superior region, highlands along the progress 
tions. southeast side of the ancestral northern Ap-}Paleozoi 

Thus the great bulk of the Mississippian and _ palachian mountains, and highlands along the} result o! 
Pennsylvanian clastic sediments of the Illinois southeast side of the ancestral southern Ap-|tionina 
and Michigan basins reflects contributions from _palachian mountains. In broadest terms, thefline roc 
a dispersal center located along the southeast- _ pre-Mississippian sandstones of this part of the {Cambria 
ern flanks of the northern half of the Appala- craton were all ultimately derived from thefis the ass 
chian geosynclinal belt. Pre-existing immature Lake Superior dispersal center. In contrast,Jundston 
sediments and some crystalline rocks were the most of the Mississippian and later clastics are} volumes 
chief source rocks. Several large drainage sys- related to Appalachian orogenic activity. conditio! 
tems heading in the northern Appalachian re- A series of large, recurring drainage systems, | prevailec 
gion supplied sands and muds to a combined _ whose positions and orientations appear to have} modern 
broad coastal plain and shallow marine shelf in been controlled chiefly by regional tectonic} this assu 
the Illinois and Michigan basins. elements, transported most of the sands and] crains v 
muds from the Appalachian dispersal centers} different 
to the low-lying coastal plains, shallow marine} mentally 
During the erosional interval between Penn- shelves, and small deltas of the post-Devomian} been de 
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sylvanian and Cretaceous time in the upper sedimentation of the craton. (Russell, 
Mississippi Valley region the principal dispersal 114; Pol 
center shifted southward. PROBLEMS OF REGIONAL AND and dun 

The abundance of,metamorphic heavy mine METHODOLOGICAL INTEREST sands th: 
erals such as kyanite, sillimanite, and staurolite ard, 195 
in the Cretaceous and Tertiary sands of the General either a: 


upper portions of the Mississippi Embayment Inherent in the foregoing results and itt} stable as 
indicates that most of the sediments were de- _ terpretations are a number of problems, some} andston 
rived from the Piedmont regions of the ances- _ of regional and others of more general interest} The a 
tral southern Appalachian mountains (Pryor, Our study has contributed to the solution of} mentary 
1960). Although some grains of kyanite, sil- some of these. It has also brought into shatp) of prolo 
limanite, and staurolite have been noted in focus those whose precise solution is yet tobe} rocks ca 
some of the Paleozoic sandstones of the upper found. In this section we comment briefly 00} mature s 


Mississippi Valley, the abundance of these min- these aspects of our study. intermec 
erals in Cretaceous and Tertiary sands shows ; : hat Such an ; 
that the mica schists and gneisses of the Blue Sedimentary Differentiation past ext 
Ridge and Piedmont Plateau region were the Sedimentary differentiation refers to te} casionall 


major source. This conclusion, in conjunction systematic changes in the mineralogy and} today, F 
with evidence of facies distribution and paleo- texture of sandstones that result from pi} suggeste 












dispersal] sressive erosion, abrasion, and sedimentation. 
ics of thel These changes—progressive sorting, rounding, 
nent wasf and elimination of unstable detrital minerals— 
cial parts make it possible in theory to derive each major 
lian geo-fsandstone type from crystalline rock. Study of 
Y tocks,Jancient sandstones, modern sands, and labora- 
0 made} rory experiments have contributed to this con- 


© system} cept. Although not commonly stated, assump-. 


nsported| tions concerning the rate or magnitude of sedi- 
bination} mentary differentiation play on important role 
northernfin the interpretation of source areas and of the 
sentially jenvironments of sandstones. Because of both its 
ons pre-| general importance and its particular bearing on 
1 nearby} the source relations of the sandstones of the 
ide some| upper Mississippi Valley and adjacent areas, we 
diments.| point out the underlying assumption of this 
staceous,{ paper, present an alternative, and indicate a 
ississippif possible future solution. 
ee major) Our evaluation of sedimentary differentia- 
ks of the| tion is indicated by our interpretation of the 
ong the progressive increase in maturity of the lower 
ern Ap-}Paleozoic sandstones. We consider this the 
long the}result of progressive sedimentary differentia- 
ern Ap-| tion in a sedimentation system to which crystal- 
rms, the}line rocks were only initially important in 
rt of the|Cambrian time. Inherent in this interpretation 
rom thefjs the assumption that mature and supermature 
contrast, J sandstones cannot be directly produced in large 
istics are} volumes from crystalline rocks under the usual 
ty. conditions of erosion and sedimentation that 
systems, | prevailed in the geologic past. Studies of 
r tohave} modern sands and experimental work support 
tectonic | this assumption. Fluvial transport rounds sand 
nds andj grains very slowly (Kuenen, 1959). Although 
| centers} differential abrasion can be produced experi- 
y marine} mentally, major mechanical wear never has 
evonian} been demonstrated in large natural streams 
(Russell, 1939, p. 44-45; Van Andel, 1950, p. 
114; Pollack, 1961, p. 35-36). Modern beaches 
) and dunes, although containing better rounded 
sands than their local sources (Beal and Shep- 
ad, 1956, Fig. 2), also fail to produce sands 
_ Jeither as well rounded or as mineralogically 
and it} stable as those of the St. Peter and Devonian 
ns, som€ } sandstones. 
interes} The alternate assumption concerning sedi- 
ution of| mentary differentiation is that under conditions 
to shatp| of prolonged tectonic quiescence crystalline 
et to be rocks can directly yield mature and super- 
riefly 0) mature sands, so that little or no trace is left of 
intermediate, less mature abrasion products. 
Such an assumption implies that in the geologic 
past extremely different conditions at least oc- 
to the} asionally prevailed that have no duplicates 
ogy ai} today. For example, Dake (1921, p. 217-218) 
om pit} suggested that the sand grains of the well- 
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rounded lower Paleozoic sandstones may have 
been largely the result of eolian processes acting 
in a sparsely vegetated source region. According 
to this assumption the Ordovician and Devo- 
nian sandstones of the upper Mississippi Valley 
could have been derived directly from the 
crystalline rocks of the Lake Superior dispersal 
center rather than chiefly from the progressive 
recycling of pre-existing sandstones. 

Folk (1960, Fig. 3, p. 22, 24, 35) is a modern 
advocate of the effectiveness of sand rounding 
in environments with high kinetic energy. In 
the Silurian sandstone of West Virginia he 
found evidence to support the view that ap- 
preciable rounding can be obtained in a single 
cycle. His interpretation is based on the qualita- 
tive roundness contrasts of intimately inter- 
bedded sandstone units—the well-rounded sand 
grains are inferred to be of beach origin and the 
less rounded ones of estuarine origin. Although 
his interpretation may indeed be correct, no 
independent evidence from heavy minerals, 
sorting, or sedimentary structures is offered to 
support it. 

In the upper Mississippi Valley region, evi- 
dence for direct derivation of the Ordovician 
and Devonian sandstones from crystalline rocks 
is not compelling. There the known availability 
of Cambrian sandstones and the pre-St. Peter 
unconformity minimize the need for invoking 
such a hypothesis. In addition, the extreme 
maturity of the heavy-mineral suite of the 
Ordovician and Devonian sandstones strongly 
argues against a first-cycle origin. Instead, 
available evidence indicates that the mature 
Ordovician sandstones were derived principally 
from the Cambrian sandstones, and the super- 
mature Devonian sandstones were derived 
principally from a major Ordovician and a 
minor Cambrian source. Nor need most of the 
Cambrian sandstones have been directly de- 
rived from Precambrian crystalline rocks. The 
availability of Precambrian sedimentary rocks 
in the Lake Superior region and the relative 
maturity ef the heavy-mineral suite in most 
Cambrian sandstones minimize the necessity 
of inferring a first-cycle origin for the bulk of 
the Cambrian sandstones. 

Although we favor the “‘recycling hypothe- 
ses” for the sandstones of this study, we do not 
believe that the Paleozoic and later sandstones 
of the upper Mississippi Valley can provide a 
general solution to this problem. Because of the 
uncertainty introduced by presumed variations 
in time and intensity factors, studies of modern 
sands and experimental work probably will 
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contribute only supporting evidence. Studies 
of ancient mature sandstones in other basins 
and areas do hold promise of an answer. The 
correlation between polycrystalline quartz and 
grain angularity shown in Figure 6 illustrates 
this point of view. 

The conventional interpretation of Figure 6 
is that the greater grain angularity and abun- 
dance of polycrystalline quartz in the post- 
Devonian sandstones reflect immature sands 
derived from a source region that had been 
subjected to more intense local and regional 
deformation than had the pre-Devonian source. 
An alternate interpretation of Figure 6 is that, 
under the conditions of abrasion required to 
produce mature and supermature sandstones, 
polycrystalline quartz disintegrates along grain 
boundaries, moves into smaller size classes, and 
becomes indistinguishable from other smaller 
nonpolycrystalline quartz grains. The dura- 
bility of polycrystalline quartz is the basic issue 
underlying these alternatives. Is polycrystal- 
line quartz as durable as monocrystalline quartz 
or will it disintegrate under conditions of long 
and/or intense abrasion? Although definitive 
evidence is lacking, Folk (1960, p. 24) suggests 
that polycrystalline quartz has nearly the same 
abrasion resistance as common quartz. Abun- 
dance of polycrystalline quartz in other sand- 
stones with well-rounded quartz grains would 
easily resolve this problem. 

The systematic examination of other basins 
or regions that contain mature and supermature 
sandstone would thus seem to offer the most 
direct and promising means of evaluating the 
sedimentary differentiation. 


Misstssippt Embaymeni and Illinois Basin 


An impressive parallel between the Tertiary 
and Cretaceous sediments of the upper Missis- 
sippi Embayment and those of Chester and 
Pennsylvanian time in the Illinois basin is ap- 
parent from our studies. Particularly striking 
are the similarities between paleoslope, trans- 
port direction and depositional strike, litholo- 
gies, spatial distribution of marine and non- 
marine sediments, unconformities, and broad 
physiographic settings of the two groups. 

The Tertiary and Cretaceous sediments are 
separated by a major unconformity that trun- 
cates older sediments to the north, northeast, 
and northwest. The Pennsylvanian and Chester 
sediments are similarly separated. The Eocene 
sediments of the Tertiary contain fewer marine 
units than the Cretaceous and consist domi- 
nantly of nonmarine sands and muds with sub- 
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ordinate lignitic beds. A like contrast exj 
between Pennsylvanian and Chester, 
marine clastics and coal beds are many tj 
more prevalent in the Pennsylvanian thap ; 
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Figure 15. Transport directions and time scale ol 
the post-Devonian sandstones of the Illins 
basin and upper Mississippi Embayment 


Most of the clastics of the four periods were 
supplied by large integrated drainage systems 
whose positions and orientations were largely 
tectonically localized. For all four periods 1 
gional transport direction was domi 
down the paleoslope at right angles to depos 
tional strike. Both basins were filled dominantly 
by clastics entering at the northern end. Be 
cause of this, marine sediments were similarly 
distributed within the basins and became 
thicker downdip. Together these facts indicate 
that the Tertiary and Cretaceous sediments 
the upper Mississippi Embayment and the 
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Chester and Pennsylvanian sediments of the 
Illinois basin belong to the same sedimentary 
asociation and have the same general mode of 
deposition. Pryor (1960, Table VIII) outlined a 
model for the late Cretaceous sediments of the 
Mississippi Embayment that, with some mod- 
ification, also applies to the above Eocene, 
Pennsylvanian, and Chester sediments. 

Three points in this comparison deserve 
|emphasis. 

First, from at least early Mississippian time 
the area between the Cincinnati arch and the 
Ozark dome-Mississippi arch has served as a 
suiceway (Fig. 15) in which clastic materials 
were transported toward the continental mar- 
gin. Although broad cross-folds such as the 
Pascola and Kankakee arches developed, they 
appear to have little or no effect on clastic 
transport pattern. Throughout portions of 
Mississippian and Pennsylvanian time this 
duiceway was undoubtedly an important sedi- 
ment contributor to a miogeosynclinal belt 
connecting the Appalachian and Ouachita 
basins. 

Second, there was a dominance of longi- 
tudinal filling (Fig. 15) in this elongate, weakly 
negative area because of the tectonic localiza- 
tion of several ancient river systems. Our study 
thus confirms the deductive conclusion of 
Kuenen (1957, p. 194), who has stressed the 
longitudinal filling of many oblong basins and 
embayments. 

Third, because of similarities in tectonic 
setting, basin geometry, and mechanism of 
clastic filling, the sediments of the upper part 
of the Mississippi Embayment are a Cretaceous- 
Tertiary analogue, differing only in scale, of 
the Chester-Pennsylvanian sediments of the 
Illinois basin. The two basins differ chiefly in 
their relation to the present continental mar- 
gin. The upper Mississippi Embayment is con- 
nected with an integral part of the present 
continental margin, whereas the Illinois basin 
has long since been separated from it. Thus the 
upper Mississippi Embayment can be thought 
of as a “‘modern”’ intracratonic analogue of the 
Illinois basin in Mississippian and Pennsyl- 
vanian time. 


Intrastratal Solution 


We have explained the increasing complexity 
of heavy-mineral suites in younger sediments 
with the mechanism of changing source areas 
or dispersal centers. However, an alternative 
possibility for this increased complexity does 
exist and should be considered. This alternative 





mechanism is the postdepositional destruction 
of minerals, or intrastratal solution (Pettijohn, 
1941). In this concept the older sediments 
would have progressively lost the less stable 
mineral species by selective removal in the 
deeper zones through intrastratal solution. 
Krynine (1942) and van Andel (1959) have 
taken exception to the wide application of this 
concept, and their objections to intrastratal 
solution are applicable in the case of the Paleo- 
zoic and later clastics of the upper Mississippi 
Valley and adjacent areas. 

Cambrian, Ordovician, and Mississippian 
sediments locally contain, in addition to the 
ubiquitous zircon and tourmaline, minor quan- 
tities of less stable mineral species, such as 
hornblende, epidote, kyanite, staurolite, mona- 
zite, topaz, sphene, actinolite, and tremolite. 
These minerals do not exhibit corrosive struc- 
tures that should be expected of remanent 
grains of a mineral suite attacked by intra- 
stratal solution. 

On the basis of the presence of some less 
stable heavy mineral species in Cambrian, 
Ordovician, and Mississippian sediments and 
the arguments advanced against intrastratal 
solution by Krynine (1942) and especially by 
van Andel (1959, p. 156-160), we conclude 
that intrastratal solution has not played a 
major role in the variation of heavy-mineral 
suites in the sediments of this area. 


Clastic Sedimentation and the Craton 


In the approximately 500 million years since 
the beginning of the Cambrian, marine trans- 
gressions and regressions of the craton have 
been numerous. They have left behind a record 
of many thin units, traceable for long distances, 
and many minor and a few major unconformi- 
ties. The sandstones of this cratonic sequence 
all reflect deposition in dominantly shallow 
water. 

Instead of the bewildering array of different 
transport directions that might be expected 
from sands and muds in shallow epicontinental 
seas washed more or less randomly across the 
craton, the available evidence indicates a strong 
directional unity in all these sandstones, be 
they of dominantly marine-shelf or continental 
origin. In the sample area the dominant trans- 
port direction has been the same for nearly 
500 million years. Such uniformity over so long 
a time and over such a wide area can reflect 
only major tectonic control. The behavior of 
basement rocks of the craton provides that 
control. This underlying tectonic control is the 
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immediate cause of persistent paleoslopes, of 
recycling, and of the localization and orienta- 
tion of major clastic deposits ultimately de- 
rived from distant tectonic lands. 

The relationships between the pattern of 
truncation along major unconformities and 
transport directions in the underlying and 
overlying sandstones are noteworthy. Along 
the south shore of Lake Superior the cross- 
bedding of both the Keweenawan and overly- 
ing Cambrian sandstones is oriented north- 
westward. Along this major unconformity the 
Jacobsville sandstone thins in the updip cross- 
bedding direction (Hamblin, 1958, Fig. 2). In 
the Cambro-Ordovician, the pre-St. Peter un- 
conformity, with its truncation of older sedi- 
mentary rocks to the north, has southwestward- 
oriented Franconia and Trempealeau cross- 
bedding below it and southwestward-oriented 
St. Peter cross-bedding above it. Similar rela- 
tionships are well documented in the Chester 
and basal Pennsylvanian sandstones that have 
nearly identical average cross-bedding orienta- 
tions (215° and 214°) and are separated by a 
major unconformity that truncates older rocks 
to the northwest, north, and northeast across 
the basin. The unconformity separating Cre- 
taceous from Tertiary in the upper Mississippi 
Embayment bears a similar relation to the 
orientation of overlying and underlying cross- 
bedding. Cretaceous and Eocene cross-bedding 
is oriented toward the southwest, older Cre- 
taceous sediments are truncated toward the 
embayment margins, and the Eocene forms a 
series of southward offlapping units. Although 
marine-shelf sands are subordinate in the 
Tertiary, Cretaceous, Pennsylvanian, and up- 
per Mississippian, the sandstones above and 
below the pre-St. Peter unconformity are 
dominantly marine-shelf sands. 

The above evidence shows that paleoslopes 
may control sand dispersal, the pattern of 
truncation of associated unconformities, and 
direction of onlap and offlap relations as well. 
From knowledge of any one of the three it may 
be possible to infer the other two. Collectively, 
these relations form the essential key to the 
growth patterns of the sediments veneering the 
craton throughout most of its post-Precambrian 
history. 

Figure 16 shows the essential steps of overlap 
and regression, followed by renewed overlap 
or overstep. This sequence is the result of re- 
peated rejuvenation of the older, more stable 
portion of the craton. Unconformities become 
compound the more closely one approaches the 
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central stable region. Repetition of this pate 
throughout long periods of time on a 
dominantly southwestward paleoslope js 
basic explanation for cross-bedding orientatj 
the observed pattern of truncation at maj 
unconformities, most of the major facj 
changes observed on the craton, and recyelj 

In the absence of important contributi 
from a marginal tectonic belt, clastic materi 
are derived from the craton itself and rec 
under conditions of extreme stability, Wh 
sands and muds from a tectonic border 
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Figure 16. Diagrammatic representation 
of overlap and overstep, unconformi- 
ties, and resultant recycling 


reach the craton, their dispersal pattern i 
largely controlled by the slope of the crat 
rather than the tectonic strike of the borderi 
mobile belt. Recycling continues to preval 
but chiefly with sands and muds originally 
derived from tectonic borderlands. The de 
velopment of intracratonic basins provides only 
relatively local sediment traps for clastic mx 
terials ultimately in transit to the continent 
margins. 


SUMMARY AND CONCLUSIONS 


Dispersal centers of the Paleozoic and later 
clastics of the upper Mississippi Valley and 
adjacent areas were investigated. Sedimentary 
petrology and directional evidence based ot 
cross-bedding, facies distribution, and pat 
of truncation shown by major unconformiti 
were used to locate the three principal di 
centers of this area of the craton. 

Specific petrologic conclusions include the 
following: 

(1) Angularity of tourmaline grains or 
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relates closely with that of other principal feldspathic sandstones are present in the 
detrital components. Cambrian. 
(2) Tourmaline angularity correlates with (6) The great bulk of Mississippian and 
abundance of polycrystalline quartz. Pennsylvanian sandstones are proto- 
(3) The predominant heavy minerals of the quartzites and subgraywackes. 
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Paleozoic sandstones are zircon and (7) The Cretaceous and Tertiary sandstones 
tourmaline with garnet as an important are protoquartzites. 
accessory, whereas the predominant Specific conclusions concerning directional 
heavy minerals of the Cretaceous and evidence include the following: 
Tertiary sands are kyanite, staurolite, (1) Pre-Keweenawan (middle Precambrian) 
and sillimanite. cross-bedding is generally oriented to the 

(4) Illite is the chief component in Paleozoic southeast. 
clay-mineral assemblagés, whereas mont- (2) Keweenawan (late Precambrian) cross- 
morillonite and kaolinite are the chief bedding is generally oriented to the 
components of the Cretaceous and Terti- northwest. 
ary sediments. (3) Paleozoic and later cross-bedding is gen- 
(6) Devonian and Ordovician sandstones are erally oriented to the southwest. 


ns ©} predominantly orthoquartzites, whereas (4) The average value of all 9141 pre- 
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Pleistocene cross-bedding measurements 
is 194° and differs only slightly from the 
average direction, 188°, of the region’s 
stream pattern. 

(5) Most of the major unconformities of the 
region truncate older sediments to the 
north, northwest, and northeast. 

(6) The area occupied by the Illinois and 
Michigan basins and the Mississippi Em- 
bayment has served, since at least post- 
Devonian time, as a weakly negative, 
clearly defined sluiceway for sands and 
muds in transport to the continental 
margin. 

(7) Facies changes and patterns of truncation 
along major unconformities are related 
to cross-bedding direction and paleoslope. 

The integration of petrologic and directional 
evidence indicates three principal dispersal 
centers: the Lake Superior region, the tectonic 
borderlands of the northern Appalachian 
mountains, and the tectonic borderlands of the 
southern Appalachian mountains. 

In the lower Paleozoic nearly all the sands 
and muds were originally derived from the 
reservoir of Precambrian rocks centered around 
the Lake Superior region. Recycling under 
conditions of extreme crustal stability pro- 
duced mature and supermature Ordovician and 
Devonian sandstones. Relatively small streams 
drained the hinterlands. 

In post-Devonian time the Appalachian 
reservoir was the chief source of less mature 
sandstones. Although contributions from the 
Lake Superior region continued, the tectonic 
borderlands of the northern half of the ancestral 
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Appenpix.1.' TouRMALINE ANGULARITY 


Because we wished to determine the degree to 
which the angularity of tourmaline grains correlated 
with the angularity of the other principal detrital 
elements, we have used the multiple correlation co- 
efficient. The multiple correlation coefficient ex- 
presses the correlation between one variable, for 
example &, and the totality of the other variables, 
for example £ £3 .... &., or any subset of them, 
£ &3....£¢ (k<n), in the system. Expository ac- 
counts of the multiple correlation coefficient are 
given in many elementary statistical textbooks, 
and Cramer (1946, p. 301-331), Anderson (1958, 
p. 86-96), and others derive theory and tests of 
significance. Although the multiple correlation co- 
efficient is widely used in other fields, comparatively 
little use has been made of it in geology. Jacobsen 
(1959, p. 77) and Hubert (1960, p. 208-211), how- 
ever, give examples of its use in petrographic 
studies of sandstones. 

The data of our experiment were obtained by 
randomly selecting two sandstone samples from 
each of the seven systems included in the study and 
determining the percentage of angular tourmaline, 
zircon, and quartz grains of the .125- to .177-mm 
and .062- to .500-mm classes. Percentages of angular 
tourmalines and zircons of the .062- to .500-mm 
fraction were estimated from heavy-mineral mounts 
and the percentage of angular quartz from loose 
grains mounted on glass slides. Estimates were based 
on counts of 100 grains. The identity of the slides 
was unknown to the operator. The tabulation 
shows the resultant data. 


Letting & = percentage of angular tourmaline 
grains (.062-.500 mm) 
£ = percentage of angular zircon grains 
(.062-.500 mm) 
£; = percentage ofangular quartz grains 


(.125-.177 mm) 
£4 = percentage ofangular quartz grains 
(.062—.500 mm) 
and using the arc sine transformation for per- 
centages, the data were programmed for the Illiac 
digital computer yielding a correlation matrix and 
multiple and partial correlation coefficients. 
The resultant matrix is 


1.000 0.845 0.800 0.877 
0.845 1.000 0.794 0.916 
0.800 0.794 1.000 0.916 
| 0.877 0.916 0.916 1.000 | 
ee cal 


which summarizes the correlation observed in the 
sample between & and £9, & and &3, and so on. 
Thus 1.000 is the correlation between per cent of 
angular tourmaline and itself, 0.845 is the correla- 
tion between angularity of tourmaline and zircon, 
0.794 between angularity of zircon and .125 to .177 
mm quartz, and so on. 
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The multiple correlation coefficient betweeg 
and £9, &3 and &4 is then given by ; 


where P is the sample correlation matrix and } 
is the appropriate partition. ; 

The multiple correlation between to 
angularity and that of zircon, .125-.177 mmg 
and .062-.500 mm quartz was 0.8834. The multi 
correlation between tourmaline, zircon, and 
500 mm quartz angularity was 0.8831, alg 
identical. 

To test the hypothesis that tourmaline an; 
is independent of the angularity of the other 
ag we compute (Anderson, 1958, p,§j 
93 


Pi os4 N—p 
2 
3 p—! 
l Pi .o84 



























where N is the number of observations and p 


number of variables. If this quantity is greater thie 


Fp-31,N-1 (0.01), we reject the hypothesis. As # 
computed value is 13.39 and exceeds the etitid 
value of F3,10(0.01) = 6.55, we reject the hypothe 


that tourmaline angularity is independent of an 
of the other principal detrital elements in thes 682 
stones of this study. This experiment demonstra 683 
the degree to which tourmaline angularityag 4 
relates with that of the other principal detrig 
components of the sandstones of this study. Doub 
lessly, similar correlations prevail in most oti 94; 
sandstones. 30* 
Because most properties of sedimentary mi 3)* 
represent the intercorrelated response to the bmg  32* 
controls of provenance, depositional environmel 33*f 
and diagenesis, the multiple correlation coefhiae 4° 
can be used to solve many problems, For exami 3,1 
one might be interested in the multiple correlat sit 
between bed thickness and a collection of 52 
related variables such as grain size, sorting, @§ 53+ 
presence or absence of cross-bedding. Or one mg 55+ 
be interested in the multiple correlation betwmg 56+ 
the abundance of a trace element and thatoftig 368 
other trace elements in a given sedimentary 370 
vironment. Moreover, any variable of a set can 371 
correlated with the others or any subset oft a 
others without specifying which variables @ 3, 
independent or dependent. Finally, once eli 49¢+ 
the correlation or covariance matrix of a set oft 497+ 
is obtained, it is relatively simple to computetg 429* 
desired partial correlation coefficients or to obi 448 
regression estimates of the dependence of @ 16 


variable on the others in the system. 
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PERCENTAGE OF ANGULAR GRAINS IN SAMPLES OF SysTEMS STUDIED 























Samples Tourmaline Zircon Quartz Quartz 

| betweey (.062-.500 mm) (.062-.500 mm) (.125-.177 mm) (.062-.500 mm) 
Tertiary 96 79 99 95 
Tertiary 82 69 95 95 
Cretaceous 90* 85 100 97 
Soeeaceous 37 55 87 74 
Pennsylvanian 100 71 89 98 
29 Pennsylvanian 83 59 86 87 
‘trix and P| Mississippian 40 63 84 84 
9 Mississippian 66 78 60 91 
1 to Devonian 06t 08 09 01 
7 mm Devonian 05 07 12 14 
Th Ordovician 04 27 02 04 
‘ Ordovician 01 26 56 48 
ny and 06% Cambrian 41 53 28 58 
$831, Cambrian 41 24 75 56 





AppEeNDIx 2. PETROoGRAPHIC ANALYSES 
PetroGRAPHIc ANALYSES OF SAMPLES FROM THE SYSTEMS STUDIED 




















(Per cent) 
Poly- 
Rock crystal- 
Carbon- frag- Miscel- line Tourmaline 
Quartz Matrix ate Feldspar Mica Chert ments Janeous quartz. Round Angular 
Tertiary 
92.0 3.0 0.0 0.0 2.0 3.0 0.0 0.0 9.5 2 I} 
82.0 13.5 0.0 0.5 25 1.0 0.0 0.5 9.0 : 
77.0 9.0 0.0 r.5 2:5 7.5 0.5 1.0 10.5 
86.0 9.0 0.0 1.0 3.0 1.0 0.0 0.0 13.5 
83.5 4.0 0.0 1.0 LO... 2.0 0.0 0.0 9.5 
Be 668 668 Ue Ter re re 8s LS 
Upper Mississippian (Chester) 
55.0 29.0 11.0 0.5 3.5 0.0 0.0 1.0 0.0 48 52 
81.5 10.5 5.0 0.5 0.0 0.5 2.0 0.0 mee ns ¢ 
91.0 4.0 0.5 1.0 0.0 1.0 2.5 0.0 3.0 EP 7S 
73.0 0.0 26.5 0.0 0.0 0.0 0.0 0.5 3.0 39 61 
72.0 24.5 0.5 a0 0.0 0.0 0.0 0.5 4.5 Re 3 
85.5 5.0 a5 0.6 0.5 0.0 3.5 0.0 2.0 27 73 
86.5 » Bee 2.5 0.5 0.5 0.0 3.5 1.0 1.0 i se 
68.0 10.5 13.0 0.5 1.0 0.0 5.0 2.0 4.0 hy: 
87.5 6.0 0.5 0.5 0.5 0.0 4.0 1.0 1.0 17 83 
81.0 6.0 0.5 1.0 2.0 0.0 5.0 4.5 8.0 
91.5 6.5 0.0 0.0 0.5 0.0 0.5 1.0 3.0 39 
$2.5 4.5 0.0 0.0 0.0 0.0 0.5 ai 2:3 ce 
$1.5 6.5 1.0 0.5 0.0 0.0 3.5 7.0 2.0 YY 
94.5 4.0 0.0 0.0 0.0 0.0 0.5 1.0 3.0 50 50 
72.0 18.0 0.0 0.0 0.0 0.0 2.0 8.0 2.0 37 63 
76.5 16.0 0.5 0.0 0.5 0.0 4.5 2.0 a9 39 61 
97.0 2:3 0.5 0.0 0.0 0.0 0.0 0.0 ao 43 57 
74.0 4.0 19.5 0.0 0.0 0.5 iF, 0.5 0.5 29 71 
96.0 2.0 0.5 0.0 0.0 0.0 1.5 0.0 1.0 63 37 
78.5 7.0 12.5 0.0 0.0 0.0 1.0 1.0 $5 48 52 
89.5 6.5 0.5 1.0 0.0 0.5 2.0 0.0 3.0 34 66 
87.5 9.0 &5 s. 0.0 0.0 0.5 0.0 2.0 32 68 
2 3.5 0.0 0.0 0.0 0.5 0.0 0.5 2.5 60 40 
lence of a 465 77,39. 5 9.0.0 -€.90.0' 9,950.9 990-0 9.90.0 9 gc 98.0 5.66.08 
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AppEeNpIx 2. Continued 











Location oF Samptes Usep 1Nn Strupy 
Sample Unit Location 
Tertiary 
B- 1 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Ballard County, Ky, 
Car- 2 _— Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Carlisle County, Ky. 
Ee - Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Caldwell County, Ky, 
C- 16 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Caldwell County, Ky. 
C- 16 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Caldwell County, ky. 
C- 17 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, ig. 17), Caldwell County, ky. 
C- 17 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Caldwell County, Ky. 
C- 20 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Caldwell County, Ky. 
D- 1 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Dunklin County, Mo, 
G- 37 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Graves County, Ky, 
H- 5 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Henry County, Teng, 
H- 9 _ Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Henry County, Teng, 
KH- 4 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Hickman County, Ky, 
Mass-6 _ Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Massac County, Ill 
Mc- 1 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), McCracken County, Ky, 
M- 24 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Marshall County, Ry, 
P- 2 _ Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Pulaski County, Ill. 
P- 4 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Pulaski County, fll 
P- 4 _ Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Pulaski County, Ill, 
S- 7 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Stoddard County, Mo, 
Sc- 2 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955,-Fig. 17), Scott County, Mo, 
TH- 4 Pliocene Lafayette gravel from Smithland Surface (Potter, 1955, Fig. 17), Henry County, Tena, 
IE- 1 Eocene Gravel pit, NWY% NW sec. 18, T. 16 S., R. 1 W., Pulaski County, Ill. 
680 Eocene Road cut on Rt. 440, 4 miles east of Wycliffe, Ballard County, Ky. 
681 Eocene Clay pit, sec. 27, T. 15 S., R. 1 E., Pulaski County, Ill. 
682 Eocene Stream cut, sec. 9, T. 26 N., R. 11 E., Stoddard County, Mo. 
683 Eocene Railroad cut on Highway 57, Hardeman County, Tenn. 
684 Eocene Road cut, 2 miles west of Pureyear, Henry County, Tenn. 
685 Pliocene Gravel pit, sec. 13, T. 15 S., R. 1 E., Pulaski County, Il. 
Middle and Upper Pennsylvanian 
48 | McLeansboro NW% NE SEX sec. 16, T. 8 S., R. 3 E., Williamson County, Ill. 
62 Curlew SW cor. SEM% SW sec. 22, T. 10 S., R. 6 E., Saline County, Il. 
63 Murray Bluff NW cor. NEM% SW% sec. 27, T. 10 S., R. 6 E., Saline County, Il. 
83 Isabel Near Marietta Station, sec. 21, T. 6 N., R. 1 E., Fulton County, Ill. 
89 — Brazil SW sec. 27, T. 16 N., R. 7 W., Parke County, Ind. 
98 Curlew Green River at Morgantown, Butler County, Ky. 
101 Sebree 1.5 miles west of Sebree, Webster County, Ky. 
103 Aberdeen 18,300 F.W.L.; 2000 F.N.L.; Morgantown quadrangle, Butler County, Ky. 
108 Pope Creek Sec. 25, T. 17 N., R. 1 E., Rock Island County, IIl. 
234 Henshaw Dixon, Webster County, Ky. 
235 ~=Mt. Gilead Roadside exposure just south of former Mt. Gilead School, near Slaughters, Webster 
County, Ky. 
256 McLeansboro Sandstone 8 feet below Scottville limestone SW sec. 16, T. 12 N., R. 9 W., Macoupio| 
County, IIl. 
269 ~— Lisman Three-eighths of a mile south of Coiltown, Hopkins County, Ky. 
278 Merom At Merom Bluff, SW% SW% sec. 7, T. 1 N., R. 10 W., Sullivan County, Ind. 
279 Lisman Linton No. 28 strip mine, SE% SE% sec. 15, T. 8 N., R. 7 W., Greene County, Ind. 
319 Delwood SW% SEX% NE sec. 19, T. 9 S., R. 2 W., Jackson County, Iil. 
324 —Stonefort Madison Coal Co. Hole No. 3, sec. 29, T. 13 N., R. 5 W., Christian County, Ill. 
325. Gimlet SEY% NEM SW sec. 29, T. 30 N., R. 4 E., Livingston County, Ill. 
H- 92 McLeansboro Approximately 30-50 feet below Livingston limestone, sec. 26, T. 19 N., R. 13 W, 
Vermilion County, Ill. 
H- 93 Pleasantview SW%SWY% SW sec. 24, T. 12 N., R. 11 W., Greene County, II. 
H- 94 Vermilionville 18 feet below coal No. 11, Webster County, Ky. 
H- 95 Anvil Rock Sec. 8, T. 10 S., R. 9 E., Gallatin County, Ill. 
H- 96 McLeansboro Above Lonsdale limestone in sec. 5, T. 19 N., R. 12 W., Vermilion County, Ill. 
H- 97 Mt.Carmel Sec. 21, T. 1 S., R. 12 W., White County, Ill. 
H- 98 =Gimlet SE cor. sec. 25, T. 25 N., R. 7 E., Peoria County, Il. 
H- 99 _— Palzo Superior No. 2 Mussett, sec. 1, T. 3 S., R. 10 E., Edwards County, Ill. 
H-100 —_— Palzo NW SW NEX sec. 30, T. 10 S., R. 6 E., Saline County, Ill. 
H-101 | McLeansboro Sandstone approximatley at the horizon of the Livingstone limestone SEM NEM SEX 


sec. 36, T. 8 N., R. 14 W., Crawford County, IIl. 
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————— } sample Unit Location 





McLeansboro Sandstones at position of Greenup limestone, sec. 19, T. 9 N., R. 8 E., Cumberland 
County, Ill. 


———_} H-102 


inty, Ky, Upper Mississippian (Chester) 

yunty, Ky. 368 Aux Vases Sec. 11, T. 34.N., R. 13 E., Perry County, Mo. 

ounty, Ky 370 Hardinsburg _1 mile north of Hardinsburg, Breckinridge County, Ky. 

‘ounty, Ky. 371 Cypress NE NEX sec. 14, T. 14 S., R. 6 E., Pope County, Ill. 

ounty, Ky, 372 Bethel Sec. 30, T. 13 S., R. 6 E., Pope County, Il. 

ounty, Ky.f 373 Bethel SE SEX sec. 29, T. 6 N., R. 2 W., Lawrence County, Ind. 

ounty, Ky. 374 ~~ Bethel Top of the Main Cedar Bluff quarry, 2.5 miles south of Princeton, Caldwell County, Ky. 
ounty, Ky. 426 Cypress Shell Oil Co., Montgomery No. 1, sec. 14, T. 1 S., R. 6 E., Wayne County, Ill., 3077 feet 
ounty, Mo} 427 Cypress Pure Oil Co., Harrell No. 1, sec. 26, T. 4 N., R. 9 E., Richland County, Ill., 2576 feet 
unty, Ky, 429 Yankeetown Townsend-Clark No. i, SEM4 NE SEX sec. 13, T. 2 S., R. 1 E., Jefferson County, 
unty, Tenn, (Benoist) Ill., 2090 feet 

unty, Temnf 448 Bethel Cut on south side of U. S. Highway 60 approximately 14 mile south of Guston, sec. 
ounty, Ky, (Mooretown) 7-Q-40, Meade County, Ky. 

unty, IIL } 465 Hardinsburg- NW} sec. 11, T. 5 S., R. 1 W., Perry County, Ind. 

-ounty, Ky. Big Clifty 

~~ Ky.f 473 Hardinsburg From ledge 3 feet above base of formation in abandoned quarry on north side of Green 
unty, Ill, River at Brownsville, Edmonson County, Ky. 


unty, fl | 474 Tar Springs § Sandefur, Engle No. 3, sec. 14-N-24, Webster County, Ky. 
a 475  Waltersburg AMS Oil Co., Austin No. 1, sec. 28, T. 6 S., R. 9 E., White County, Ill. 





ounty,Mof 476  TarSprings 2 miles west of Cloverport, Breckinridge County, Ky. 
nty, Mo, 479 Palestine SW\% SEY NW sec. 11, T. 3 S., R. 3 W., DuBois County, Ind. 
unty, Tenn. 480 Aux Vases NW SW NEX sec. 21, T. 9 N., R. 2 W., Monroe County, Ind. 
481 Elwren SW% SW NEX sec. 20, T. 8 N., R. 2 W., Monroe County, Ind. 
(Cypress) 
482 Elwren SEY NEM NW sec. 32, T. 2 S., R. 1 E., Crawford County, Ind. 
(Cypress) 
483 Waltersburg NE4 NE sec. 22, T. 3 S., R. 3 W., Perry County, Ind. 
484 Sample NE NW NEX sec. 12, T. 3 S., R. 2 E., Harrison County, Ind. 
485 Big Clifty SEM SEY NWX sec. 6, T. 4 S., R. 2 E., Crawford County, Ind. 
487 Palestine 8430 F.W.L.; 13,800 F.S.L., I-15, Livingston County, Ky. 
573 Elwren 5000 F.W.L.; 7700 F.N.L., sec. 6-P-39, Breckinridge County, Ky. 
(Cypress) 
574 ~— Big Clifty 11,500 F.E.L.; 3500 F.S.L., sec. 23-K-41, Hart County, Ky. 
575 Hardinsburg 10,500 F.S.L.; 7050 F.E.L., L-41, Grayson County, Ky. 
577 Sample 5000 F.N.L.; 7700 F.N.L., sec. 6-P-39, Breckinridge County, Ky. 
581 Bethel Texas es J. P. McGurie No. 1, sec. 15, T. 9 S., R. 8 E., Gallatin County, IIL, 
2366 feet 
582 Aux Vases bate ga Shirk, N. Zipk No. 2, sec. 35, T. 5 N., R. 6 E., Clay County, IIL, 
2731 feet 
583 Aux Vases Doran, MS W. Kamp No. B-4, sec. 30, T. 5 N., R. 3 E., Fayette County, Ill., 
1919 feet 
~rs, Webster} 584 Aux Vases Superior Oil, Benton ef al. No. 1, sec. 25, T. 4 S., R. 4 E., Jefferson County, Ill., 
3229 feet 
.» Macoupinf 585 Sample Mitchell, Lamont No. 1, sec. 4, T. 4 S., R. 10 E., White County, Ill., 3003 feet 
(Paint Creek) 
586 Aux Vases Branyan, Laflin No. 1, NW% sec. 15, T. 11 N., R. 4 E., Shelby County, Ill., 3347, 
Ind. 1906 feet 
unty, Ind. § 587 ~~ Bethel LaGrange, Huffman No. |, sec. 4, T. 3 N., R. 1 W., Clinton County, IIl., 1466 feet 
588 Bethel Duncan, Barbre No. 1, sec. 25, T. 4 S., R. 9 E., White County, IIl., 2990 feet 
y, Till. H- 1 Degonia SW sec. 33, T. 7 S., R. 6 W., Randolph County, Il. 
H- 2 Degonia Sec. 20, T. 11 S., R. 1 W., Union County, Ill. 
,R. 13 Wg H 3 Degonia Along line of secs. 10 and i, T.5S., R. 1 W., Perry County, Ind. 
H- 13 Clore J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6S. .. R. 1 W., Perry County, Ill. 
H-14 = Clore J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H-15 Clore J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H-16 Clore J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
Ill. H-17 Palestine J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, IIl. 
H-18 Tar Springs J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H-19 Tar Springs J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H-20 Tar Springs J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Til. 
H-21 Tar Springs _‘J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
NEY, SEME H- 22 Hardinsburg _ J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Il. 
H- 23 Cypress J. H. Forester, J. H. Forester No. 1, sec. 5, T 6S., R. 1 W., Perry County, Ill. 
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Sample Unit Location 
H- 24 Cypress J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H- 25 Paint Creek J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H- 26 Yankeetown J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H- 27 Renault J. H. Forester, J. H. Forester No. 1, sec. 5, T. 6 S., R. 1 W., Perry County, Ill. 
H- 33A_ Degonia NW% NW NWX sec. 18, T. 11 S., R. 9 E., Hardin County, Ill. 
H- 34A Palestine NEY NW44 NW sec. 18, T. 11 S., R. 9 E., Hardin County, Ill. 
H- 35A Palestine NE% NW NWX sec. 24, T. 11 <. R. 9 E., Hardin County, Ill. 
H- 36A Waltersburg SEY% SW SEX sec. 19, T. 11 S., R. 10 E., Hardin County, Il. 
H- 37A_ Tar Springs SW%4 SEX sec. 27, T. 115., R. OE ., Hardin County, Ill. 
H- 38A Tar Springs  25-foot diamond-drill hole, NEM sec. 27, T. 11 S., R. 9 E., Hardin County, Iil. 
H- 39A Tar Springs SW34 SEX sec. 27, T. 11 S., R. 10 E., Hardin County, Ill. 
H- 40A Hardinsburg _151-foot diamond-drill hole, NE} sec. 27, T, 11 S., R. 9 E., Hardin County, Ill, 
H- 41A_ Hardinsburg = 222-foot diamond-drill hole, NE sec. 27, T. 11 S., R. 9 E., Hardin County, Ill. 
H- 42. Ter Springs Oil well core at 2098 feet, sec. 36, T. 6 S., R. 2 E., Franklin County, Ill. 
H- 43 Tar Springs 3.7 miles south of Crofton, Christian County, Ky., on U. S. 41 
H- 44 =‘ Hardinsburg 3400 F.W.L.; 1700 F.N.L., sec. 5-H-42, Edmonson County, Ky. 
H- 45 = Hardinsburg 3800 F.N.L.; 1950 F.W.L., sec. 5-R-38, Meade County, Ky. 
H- 46 Hardinsburg 550 F.S.L.; 400 F.E.L., sec. 11-S-37, Meade County, Ky. 
H- 47. Hardinsburg _ Sec. 6, T. 7 S., R. 2 E., Crawford County, Ind. 
H- 48  Hardinsburg Deep Rock, Phipps No. 1, sec. 29, T. 5 S., R. 9 E., White County, Iil., 2647 feet 
H- 49 Big Clifty 2800 F.E.L.; 9100 F.N.L., sec. 10-O-39, Breckinridge County, Ky. 
H- 50 __— Big Clifty Sec. 31, T. 3 S., R. 1 E., Crawford County, Ind. 
H- 51 ___ Big Clifty Approximately 3.5 miles north of Fairview in secs 8 or 9-E-27, Todd County, Ky, 
H- 52 Big Clifty 3000 F.E.L.; 8700 F.S.L., sec. 20-M-40, Grayson Coupty, Ky. 
H- 53 __— Big Clifty 5350 F.E.L.; 10,900 F.W.L., I-44, Hart County, Ky. 
H- 54 ~— Elwren Sec. 21, T. 13 N., R. 5 W., Putnam County, Ind. 
(Cypress) 
H-55 Sample 8150 F.W.L.; 8300 F.N.L., sec. 7, L-42, Grayson County, Ky. 
H- 56 _— Bethel. Sec. 3, T. 3 N., R. 2 W., Lawrence County, Ind. 
H- 57 Cypress Sec. 20, T. 13 S., R. 2 E., Johnson County, Ill. 
H-103 Cypress 426-foot diamond-drill hole, NE sec. 27, T. 11 S., R. 9 E., Hardin County, Ill. 
H-104 Cypress 463-foot diamond-drill hole, NEY sec. 27, T. 11 S., R. 9 E., Hardin County, Ill. 
H-105 Paint Creek  484-foot diamond-drill hole, NEY sec. 27, T. 11 S., R. 9 E., Hardin County, Ill.» 
H-106 Bethel 515-foot diamond-drill hole, NEM sec. 27, T. 11 S., R. 9 E., Hardin County, Ill.;- 
Middle and Lower Mississippian 
369 Spar Mountain Disection, Strong No. 1, sec. 22, T. 12 N., R. 7 E., Coles County, IIL, 1973 feet «: 
420 Ste. Genevieve Type Hoffner section in SW NE SW sec. 8, T. 13.S., R. 1 E., Union Countyyil 
424 Bushberg SW SW SEX sec. 15, T. 44. N., R. 4 E., St. Louis County, Mo. 
428 Borden Rudy, Ochs No. 1, NWY% NEM NW sec. 23, T. 6 N., R. 10 E., Jasper County, Ill, 
(Carper) 4126 feet 
432 Sylamore At Pinnacle Hill in NW sec. 16, T. 53 N., R. 1 E., Pike i Mo. 
444 Bushberg NE SEX sec. 53, T. 46 N., R. 10 W., Calloway County, M 
450 Ste. Genevieve Howard and Howard, Leslie io, ‘, SEY NE SEX sec. 22, T 5 S., R. 5 E., Hamiltor 
County, IIl., 3386-3392 feet 
451 St. Louisor Near Keokuk, Lee County, Iowa 
Salem 
462 = St. Louis Cooks quarry, near Ames, Story County, Iowa 
477 Harrodsburg NW NW sec. 35, T. 2 N., R. 4 E., Washington County, Ind. 
506 Marshall Sec. 21, T. 19 N., R. 15 E., Huron County, Mich. 
507. Napoleon Sec,.31,'T. 3:S;, R. 2E., Jackson County, “Mich. 
514 Marshall Along shore of Lake Huron, sec. 23, T. 19 N., R. 13 E., Huron County, Mich. #% 
515 Berea Ohio, proper No. 1, SW% SW SEX sec. 7, T. 1S., R.3 E., Washtennaw = 
Mic 
517. Marshall Sec. 15, T. 2. S., R. 7 W., Calhoun County, Mich. 
522 = Marshall NW NW sec. 13, T. 14.N., R. 12 E., St. Clair County, Mich. 
523 Marshall Sec. 21, T. 19 N., R. 13 E., Huron County, Mich. 
526 Marshall NW sec. 31, T. 4S., R. 2.W., Jackson County, Mich. 
527. — Marshall SEY NEY NEM sec, 3, T. 4 S., R. 3 W., Jackson County, Mich. 
530 Berea Wickland, Frost No. 1, sec. 20, T. 10 N., R. 6 E., Saginaw County. Mich., 1532 feet 
532 Meramec- Sun, Menningel-Church et al, No. 1, sec. 8, T. 19 N., R.:3 W., Clare County, 
Osage 1409 feet 
533 + Meramec- Sun, Menningel-Church e¢ al. No. 1, sec. 8, T. 19 N., R. 3 W., Clare County, gt 
Osage 1421 feet 
535 Marshall Sun, Grande eg al. No, 2, sec. 36, T. 20 N., R. 4 W., Clare County, Mich., 1625 fe 
| 
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Appenpix 2.. Continued 
Unit Location 
Bushberg SW% SW SEX sec. 15, T. 44 N., R. 4 E., St. Louis County, Mo. 
Salem(Sonora) SE} sec. 8, T. 7 N., R. 7 W., Hancock County, Ill. 
Glen Park SW sec. 17, T. 6 S., R. 5 W., Pike County, Ill. 
Sylamore SEX sec. 7, T. 7 S., R. 4 W., Pike County, Ill. 
Devonian 
Cedar Valley Obering, Dellinger No. 1, sec. 15, T. 14 N., R. 4 E., Moultrie County, Ili. 
Lingle Texas, Miller No. 1, sec. 22, T. 6 N., R. 2 W., Bond County, Ill. 
(Devonian) 
Devonian Thompson, Randall No. 1-D, sec. 26, T. 19 N., R. 2 W., Boone County, Ind. 
Cedar Valley NW%4 NW sec. 4, T. 8N., R. 13 W., Jersey County, Ill. 
Beauvaris 1}4 miles south of Ozora, Ste. Genevieve County, Mo. 
Grand Tower NEY SW4 NEX sec. 23, T. 10 S., R. 4 W., Jackson County, Ill. 
Cedar Valley SEM% NE sec. 29, T. 9 N., R. 13 W., Jersey County, Ill. 
Grand Tower NW3 sec. 27, T. 11.S., R. 2 W., Union County, Ill. 
Cedar Valley Obering, Dellinger No. 1, NEM NW SEX sec. 15, T. 14 N., R. 4 E., Moultrie 
(Devonian) County, Ill., 2745-2748 feet 
Lingle California, Kunz No. 1, SW SEX SEX sec. 1, T. 3'N., R. 6 W., Madison County, 
(Devonian) __Ill., 1884-1889 feet 
Sylvania Sec. 14, T. 3 S.,.R/ 10 E., Wayne County, Mich. 
Sylvania Mogal, Domokos No. B-1, sec. 11, T. 18 N., R. 1 W., Gladwin County, Mich., 5344 feet 
Richfield Sun, Caldwell No. A-1, sec. 19, T. 23.N., R. 8 W., Missaukee County, Mich., 5034 feet 
Sylvania Dow, Dow No. 23, séc. 33, T. 14 N., R. 1 E., Midland County, Mich., 3160 feet 
Cedar Valley Ohio, Binney ‘No:-24, sec. 16, T. 4 N., R. 4 W., McDonough County, Ill. 
(Hoing) 
Cedar Valley SW% SEX sec. 15, T. 56 N., R. 5 W., Ralls County, Mo. 
(Hoing?) 
Cedar Valley Sec. 11, T. 12 S.,.R. 2 W., Calhoun County, Ill. 
Basal Lingle | Sun, House No. 1, sec. 32, T. 10 N., R. 3 W., Gratiot County, Mich., 2057 feet 
Sylvania Dow, Dow No.: 23, sec: 33, T. 14 W., R. 1 E., Midland County, Mich. 
Dutch Creek Along Ill. State Route 127 in NW4 NE sec. 15, T. 12 S., R. 2 W., Union County, Ill. 
. Ordovician 
St. Peter On Wisconsin State Route 92 north of Mt. Vernon, Dane County, Wis. 
St. Peter Superior, Ford. No, C-17, sec. 27, T. 4 S., R. 14 W., White County, IIl., 7490 feet 
St. Peter NEM NW SE% see: 31, T. 40 N., R. 6 E., Jefferson County, Mo. 
Gunter SW NW% sec. 18, T. 27 N., R. 1 E., Carter County, Mo. 


New Richmond Sec. 6, T. 35:N., R. 5 E., LaSalle County, Ill. 


Oneota 
Glenwood 
St. Peter 


St. Peter 
St. Peter 
St. Peter 
Uppermost 
Knox 
New 
Richmond 
New 
Richmond 
Kasota 
Cotter 
Powell 
Roubidoux 


St. Peter 
Oneota 
Thebes 
St. Peter 
Prairie du 
Chien? 
Basal 
Ordoviican? 
Basal Trenton 


NW SEY NWX sec. 21, T. 7 N., R. 9 E., Dane County, Wis. 

Carter, Seaman No: 2,’sec. 2, T. 11 N., R. 7 E., Coles County, Ill., 4691-4695 feet 

sic a River Fuel; Theobold No. A-15, sec. 35, T. 1 S., R. 10 W., Monroe County, 
Ill. : 

SEM SEM SEY see: 19, T. 6 N., R. 2 W., Calhoun County, Il. 

Texas, Pat No. 3?, sec. 5, T. 1 N., R. 2 E., Marion County, Ill. 

Sun, Dameny No. 1, sec. 5, T. 15 N., R. 1 E., Macon County, Ill. 

Superior, Ford No.C-17, sec. 22, T. 4 S., R. 14 W., White County, Ill., 7677 feet 


2 miles west of junction of U. S. 52 and U. S. 16 near Preston, T. 103 N., R. 11 W., 
Fillmore County, Minn. 
Center of W444 SE SW sec. 10, T. 7 N., R. 7 E., Dane County, Wis. 


Sec. 32, T. 110.N., R. 26 W., Le Seur County, Minn. 

Mississippi River Fuel, Theobald No. A-5, sec. 35, T. 1 S., R. 10 W., Monroe County, IIl. 
Mississippi River:Fuel, Theobald No. A-5, sec. 35, T. 1 S., R. 10 W., Monroe County, Iil. 
East side of Missouri Highway 7,.E/2 NW sec. 36, T. 28 N., R. 7 W., Texas County, 


Mo. 

SW sec. 2, T. 94.N., R. 3 W., Clayton County, Iowa 

Sec. 6, T. 108 N., R. 26 W., Blue Earth County, Minn. 

NW SW SW sec. 9, T. 15.S., R. 3 W., Alexander County, Ill. 

NE sec. 35, T. 95 N., R. 3 W., Clayton County, Iowa 

— Sippy No. 17, sec. 25, T. 17 N., R. 16 W., Mason County, Mich., 6145-6155 
eet 


Superior, Sippy No. 17, sec. 25, T. 17 N., R. 16 W., Mason County, Mich., 6270-6280 


eet 
Rayborn, Watchhorn and Wells No. 1, sec. 5, T. 10 N., R. 9 E., Tuscola County, Mich. 










4 
a 
a] 


Sine ee es 


kaki 











POTTER AND PRYOR—DISPERSAL CENTERS 


Appenpix 2. Continued 




















— 


Sample Unit Location Sample 
536 = St. Peter Superior, Sippy No. 17, sec. 25, T. 17 N., R. 16 W., Mason County, Mich., 6037 feet § H- 72 
538 St. Peter Sun, Bradley No. 4, sec. 11, T. 12 N., R. 13 W., Newaygo County, Mich., 6518 feet § H- 73 
540 St. Peter Ohio, Rehninhardt No. 1, sec. 35, T. 22 N., R. 2 E., Ogemaw County, Mich., 10,4948 H- . 

feet H- 7: 
542 = St. Peter Carter, Launer No. 2, sec. 6, T. 16 N., R. 17 W., Oceania County, Mich., 5244 a H- 76 

H- 67 New Richmond Sec. 6, T. 108 N., R. 26 W., Blue Earth County, Minn. H- 77 

H- 68 Glenwood NEY SEM NW sec. 36, T. 23 N., R. 6 E., Ogle County, Ill. H- 78 

H- 69 St. Peter NEM NE SEX sec. 1, T. 23 N., R. 9 E., Ogle County, Ill. 

H- 70 = St. Peter Near top of Mount Victory Hill, sec. 4, T. 23 N., R. 10 E., Ogle County, Ill, H- 79 

H- 91 New Richmond Center sec. 1, T. 27 N., R. 19 W., Pierce County, Wis. H- a 
H- 81 
Cambrian 
331 Jordan South Madison railroad cut NW\% SEY NEX sec. 26, T. 7 N., R. 9 E., Dane County, H- . 
Wis. H- 8 
332 ~~ Bad Axe At Mynard Pass on Wisconsin State Route 16 near Tomah, Monroe County, Wis, 
333 Mt. Simon Near Neillsville, T. 24 N., R. 2 W., Clarke County, Wis. H- 84 
334 Hudson At Mazomanie, T. 8 N., R. 6 E., Dane County, Wis. 
335 ~Bad Axe At Mazomanie, T. 8 N., R. 6 E., Dane County, Wis. H- 85 
336 ~=—- Eau Claire Southwest of Merrilin, T. 23 N., R. 4 W., Jackson County, Wis. H- 86 
337. ~— Galesville At Friendship Mound, Adams County, Wis., T. 17 N., R. 6 E. 
338 =‘ Ironton At Twin Bluffs, Mauston, T. 15 N., R. 3 E., Juneau County. Wis. H- 87 
339 Goodenough Northeast of Wheeler, Dunn County, Wis., T. 30 N., R. 13 W. 
340 Goodenough At Dallas, Barron County, Wis., T. 32 N., R. 12 W. H- 88 
341 ~—— Ironton Bays et al., National Gas Storage Co.. NW NEM NE sec. 32, T. 30 N., R. 10B,§}—— 
Kankakee County, Ill., 1742-1743 feet 
342.  Dresbach At Rock Springs, Sauk County, Wis. 
343 ~+Lamotte Sec. 2, T. 36 N., R. 6 E., Ste. Genevieve County, Mo. 
344 Dresbach NEX sec. 14, T. 11 N., R. 6 E., Sauk County, Wis. 
355 = Madison Black Earth, Dane County, Wis., T. 8 N., R. 6 E. 
365 Mt. Simon Along Chippawa River, sec. 6, T. 27 N., R. 9 W., Eau Claire, Eau Claire County, Wis 
366 Goodenough Opposite Camp Grounds at Taylors Falls, Minn. 
425 Lamotte SW\% SW% sec. 31, T. 35 N., R. 4 E., St. Francis County, Mo. With 
433  Trempealeau SW NEY SEX sec. 29, T. 99 N., R. 3 W., Allamakee County, Iowa lev and 
434 Franconia SW NE SEX sec. 29, T. 99 N., R. 3 W., Allamakee County, Iowa samples 
436 Jordan SEX sec. 15, T. 30 N., R. 20 W., Washington County, Minn. mate th 
439 Mt. Simon NW SEX sec. 31, T. 29 N., R. 8 W., Chippewa County, Wis. (at Precambrian om. For th 
tact) ‘ 
440 Mt. Simon 5 feet from Precambrian contact in NW% SEX sec. 31, T. 29 N., R. 8 W., Chippewa | :500,0 
County, Wis. stream | 
441 Mt. Simon 10 feet from Precambrian contact in sec. 31, T. 29 N., R. 8 W., Chippewa County, Wagspecified 
442. Mt. Simon 15 feet from Precambrian contact in same location sample | 
453 Davis E4% NW NEX sec. 27, T. 39 N., R. 3 E., Washington County, Mo. Samp 
454 Lamotte Ozark Ore Mine, SWX sec. 31, T. 35 N., R. 4 E., St. Francis County, Mo. southeas 
466 St. Lawrence NEMX sec. 28, T. 114 N., R. 23 W., Scott County, Minn. using as 
468 Galesville At Hudson, T. 29 N., R. 20 W., St. Croix County, Wis. we lag 
469 Woodhill SWX sec. 36, T. 107 N., R. 8 W., Winona County, Minn. 
470 Upper Cen.-S¥% sec. 1, T. 106 N., R. 7 W., Winona County, Minn. 
Mazomanie 
472 Woodhill Interstate Park, Taylors Falls, Chisago County, Minn. 
502 Franconia Allamakee County, Iowa. 
504 Franconia Sec. 28, T. 48 N., R. 17 W., Alger County, Mich. 
505  Dresbach Sec. 13, T. 46 N., R. 20 W., Alger County, Mich. 
508 = Jacobsville Sec. 25, T. 48 N., R. 2 E., Chippewa County, Mich. 
509 Dresbach Sec. 24, T. 51 N., R. 36 W., Houghton County, Mich. 
510 Franconia Sec. 17, T. 46 N., R. 22 W., Alger County, Mich. 
511 Franconia Sec. 35, T. 43 N., R. 25 W., Delta County, Mich. 
512.  Dresbach Sec. 28, T. 48 N., R. 17 W., Alger County, Mich. 
513 Franconia Sec. 27, T. 40 N., R. 30 W., Dickenson County, Mich. 
516 = Jacobsville Sec. 32, T. 48 N., R. 19 W., Alger County, Mich. 
518 — Jacobsville Sec. 31, T. 50 N., R. 39 W., Ontanogon County, Mich. 
519 — Jacobsville Sec. 6, T. 55 N., R. 32 W., Houghton County, Mich. 
525 Jacobsville SEM NEX sec. 12, T. 54 N., R. 34 W., Houghton County, Mich. 
529 — Dresbach Encomment D’Ours Island, 4600 yards F.W.L. and 4950 yards F.S.L. of the Bre 
Mines 41, J15 W34 quadrangle, Ont. 
H- 71 —_ Eau Claire At Blair, T. 21 N., R. 7 W., Trempealeau County, Wis. 
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AppENDIx 2. Continued 
sample Unit Location 
6037 fxs H-72 Mt. Simon Mt. Simon, Eau Claire County, Wis. 
6518 feet § H- 73 Dresbach Friendship Mound, Adams County, Wis., T. 17 N., R. 6 E. 
fich., 10,49i§ 74 Madison Stoddard, Vernon County, Wis., sec. 27, T. 14 N., R. 7 W. 
zm H- 75 Dresbach Sec. 21, T. 18 N., R. 4 W., Trempealeau County, Wis. 
5244 feet PH 76 = Mt. Simon Eau Claire, Eau Claire County, Wis. 
H- 77 Jordan SEX sec. 19, T. 114 N., R. 23 W., Scott County, Minn. 
H- 78 Cambrian Tecumseh, Gibson No. 1, sec. 33, T. 29 N., R. 12 E., Allen County, Ind., 3095-3145 
(composite) feet 
tll H- 79 Cambrian Ohio, Shaw No. 1, sec. 16, T. 36 N., R. 8 E., Douglas County, Ill., 3100-4100 feet 
; H- 80 Franconia Varner, Stockton No. 1, sec. 11, T. 27 N., R. 4 E., Jo Daviess County, Ill., 910-955 feet 
H- 81  Galesville Neely and Schimmelpfenig, Warner No. 4, sec. 21, T. 35 N., R. 14 E., Cook County, 
Ill., 1700-1734 feet 
ane County H- 82 Mt. Simon Amboy, McElroy No. 1, sec. 30, T. 20 N., R. 10 E., Lee County, Ill., 1925-2016 feet 
ye 83  Galesville be a Simpson No. 1, sec. 33, T. 46 N., R. 11 E., Lake County, Ill., 1155- 
: eet 
¥e H- 84 Mt. Simon Bank of Rensselaer, Egar Estate No. 1, sec. 14, T. 30 N., R. 6 W., Jasper County, Ind., 
2960-3304 feet 
H- 85 Mt. Simon Seele, Seele No. 1, sec. 24, T. 44 .N., R. 2 E., Winnebago County, Ill. 
H- 86 Mt. Simon Eel nner Blacker No. 1, sec. 12, T. 30 N., R. 6 E., Kosciusko County, Ind., 2865- 
3295 feet 
H- 87. Cambrian Miller, Glidden Co. No. 1, sec. 33, T. 40 N., R. 13 E., Cook County, Ill., 1900-2000 
(composite) feet . 
H- 88 Franconia Black Earth, Dane County, Wis. 
N., R. WOE, 
AppEeNnDIx 3. PRESENT STREAM PATTERN OF THE UPPER Mississipp1 VALLEY 
Sounty, Wis AND ADJACENT AREAS 


ambrian con- 


7., Chippewa 


County, Was 


of the Bruc 


Within the portion of the upper Mississippi Val- 
ley and adjacent areas where our petrographic 
amples were obtained (Fig. 3) we wished to esti- 
mate the orientation of the higher-order streams. 
For this purpose we used base maps (scale 
1:500,000) of the appropriate states that show the 
stream pattern. The direction of the stream was 
specified by the orientation of its tangent at the 
sample point. 

Sample points were obtained by selecting the 
southeasternmost township within the county and 
using as the tangent point the place where the 
stream crossed the south side of the county line. 


If the southeasternmost township had no stream, 
successive western townships of the southern tier 
were examined until a stream was encountered. In 
those counties that did not have a unique south- 
eastern township, the southernmost one was se- 
lected. In portions of Kentucky and Tennessee, 
Carter townships were used in lieu of ordinary 
townships. 

The sampling procedure based on existing county 
and township boundaries was easy to use and yielded 
the pattern of sampling points shown in Figure 17. 
The orientations of 644 stream tangents had a mean 
value of 188°. 
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Abstract: A total magnetic intensity survey in the 
northeastern Pacific Ocean revealed a north-south 

ttern of magnetic anomalies, which is cut through 
by the Murray, the Pioneer, and the Mendocino 
fults. The amount of slip along these faults is 


HORIZONTAL DISPLACEMENTS IN THE FLOOR 
OF THE NORTHEASTERN PACIFIC OCEAN 


measured by fitting the magnetic anomaly pattern 
across the faults. The combined left-lateral dis- 
placement across the Mendocino and the Pioneer 
faults is 1420 km. 
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Figure 1. Location of the magnetic survey relative to the Mendocino, Pioneer, and Murray 
fractures. The dashed vertical line represents the axis of a north-south magnetic anomaly 
which was continuous before slipping started. 









Displacements along strike-slip faults on land 
have been discussed in the literature. Kennedy 
(1946) has demonstrated a strike-slip displace- 
ment of 65 miles (104km) on the Great Glen 
ault in Scotland. According to Wellman 1952 
the Alpine fault in New Zealand may have 
sipped 300 miles (480 km). The work of Hill 
and Dibblee (1953) suggests a right-lateral dis- 
placement of 175 miles (320 km) along the 
pan Andreas fault in California since early 
Miocene time, and 350 miles (640 km) since 
he Jurassic. 








This note presents evidence for displace- 
ments of comparable magnitude along some of 
the transcurrent faults of the northeastern 
Pacific Ocean. 

The geomagnetic surveys first conducted by 
the Scripps Institution of Oceanography aboard 
the Coast and Geodetic Survey ship Pronger 
and later extended by cruises of Scripps ships 
have revealed in the’ eastern Pacific Ocean 
magnetic anomalies with north-south lineation 
which are cut by the transcurrent east-west 


striking faults described by Menard (1959). 


ecological Society of America Bulletin, v. 72, p. 1251-1258, 4 figs., 1 pl., August 1961 





1251 


adh ihinichetinsitianeenrnetiinteemeraonesntsnmtens cml 











VACQUIER ET AL.—FLOOR OF NORTHEASTERN PACIFIC 











125° , 

34° 35'N 
126° 
33° 55' 
126° 
fe7° 32° 44! 
32° 33° 
5 milligauss 








Figure 2. Profiles of anomalous total magnetic intensity north agd south of the Murray 
fault suggesting a right-lateral slip of 84 nautical miles (154 km) 


The surveyed area is shown on Figure 1. By 
matching the magnetic grain north and south 
of a fault the direction and magnitude of hori- 
zontal slip can be measured. This was first done 
across the Murray fracture zone (Menard and 
Vacquier, 1958; Mason, 1958) where a right- 
lateral displacement of 84 nautical miles (154 
km) was interpreted (Fig. 2). The displace- 
ment along the Murray fault zone suggested an 
investigation of a possible displacement across 
the Pioneer fault 300 nautical miles to the 
north. The cruise of the R/V Horizon in De- 
cember 1958, undertaken for the express pur- 
pose of looking for this displacement, found a 
left-lateral slip of roughly 3° in longitude 
(Vacquier, 1959). The cruises of the R/V 
Spencer F. Barrp in August 1959 and April 
1960 extended the magnetic survey to the 
west on both sides of the Pioneer and the 
Mendocino faults. 

The fluxgate ASQ-3A magnetometer was 
used on all cruises except the last, which em- 
ployed a proton free-precession magnetometer. 
The original data are plotted as a magnetic con- 
tour chart on Plate 1. Its eastern edge joins the 
western edge of the contour chart of Mason 
and Raff (1961, Pl. 1). The normal geographic 
change of the total magnetic intensity was 
estimated by smoothing Magnetic Chart No. 
1703 published by the Hydrographic Office of 


the U. S. Navy. Ground-wave Loran positions 
taken every half hour supplemented by astro 
nomic sights were used for locating the ship 
West of 134° W. long., the reception of the 
ground wave becomes uncertain at night 
because of the interference of the sky wave, 
The dead-reckoned course during the night 
was corrected in the morning as soon as Loran 
signals became identifiable again. West of 14° 
W. long. astronomic sights and dead reckoning 
were the only means of establishing the ship’ 
position. From the spread of the fixes parallel 
to the track, it is estimated that the average 
departure of the fixes from the true positions 
was between | and 2 miles. Since short-time 
fluctuations of the geomagnetic field were not 
removed from the data, fluctuations of 05 
milligauss, the contour interval, can originate 
from this cause during daylight hours. Through 
out the two expeditions the ship’s average 
speed was 11 knots. 

On Figure 3 profiles of the total magnetic 
intensity are plotted along the long east-wet 
tracks. The profiles are drawn in their 
positions on the map. Their eastern portion 
extends across the map of Plate 1 of Mason and 
Raff (1961). The locations of the Pioneer ant 
Mendocino faults are indicated on Figured 
The magnetic pattern in the fault zones is to 
complex to permit contouring with the spatt 
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data. In fact, the contouring of the western 
portion of the map of Plate | depends on the 
assumption that the magnetic trends are 
directed north-south as they are on the eastern 
half of the map where the control is adequate. 

East-west magnetic intensity profiles will 
now be examined for fit of the magnetic grain 
across the faults without speculation as to 
origin of the anomalies. The chart of Plate | 
and the profiles of Figure 3 show that as a rule 
the anomalies strike N.-S. + 10°. Occasionally 
4 northwest-southeast trend is observed as well 
as circular anomalies in the fault zones. The 
correlation for the measurement of slip depends 
on the continuity of the north-south trending 
anomalies. Because the elongate anomalies 
occasionally terminate where there is no major 
fult, correlations across the faults cannot be 
perfect everywhere. 

Figure 4 represents our interpretation of the 
magnetic data as slips along the Pioneer and 
Mendocino faults. The profiles north of Lat. 
38°45’ N. have been translated eastward 3°05’, 
which amounts to 145 nautical miles (265 km). 
The profiles north of Lat. 40° N. have been 
translated eastward by an additional 13°42’ 
(640 nautical miles or 1160 km). The total dis- 
placement across both faults is thus 780 nautical 
miles (1425 km). The correlation of some of the 
magnetic features across the faults is shown on 
Figure 4 by dashed lines. To make the goodness 
of fit more obvious, the northernmost profile 
of Figure 4 has been drawn again as a dotted 
line between the profiles south of the Pioneer 
fault. 

Possible origins for the observed magnetic- 
anomaly pattern are discussed by Mason (1958) 
and by Mason and Raff (1961). There is of 
course an infinity of possible distributions of 
magnetic rocks that will yield the same mag- 
netic anomaly. However, certain types of dis- 
tributions can be excluded because they would 
require the presence of rocks possessing un- 
reasonable magnetic properties. To have a 
reasonable magnetic-polarization contrast, the 


f bodies of rock causing the north-south trending 


anomalies should be at least 2 km thick. Some 





cir actual 


1 


yneer and 
Figure 3. 
nes is too 


he sparse 


of these anomalies are sufficiently sharp to 
place the top of the magnetic rock no deeper 
than 6 km from sea level (1.5 km below the 


{ason and§ xa floor). A likely origin of the magnetic pat- 


tern is the intrusion of more strongly magnetic 
material into the basaltic crust. That the large 
magnetic anomalies are not directly related to 
the known topography is demonstrated by the 
anomaly caused by the 200-fathom relief of 
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the Pioneer Ridge which is no more than one- 
tenth of the anomalies due to intrusives or ex- 
trusives in this fault zone, some of which are as 
large as 8 milligauss, Plate 1 shows a crossing 
of the Pioneer Ridge centering at 38°40/N. 
lat., 130°25’W. long., where no large magnetic 
anomaly was encountered. 

Evidence of the extension of the oceanic 
faults into the continent is weak and contra- 
dictory. Its lack of definiteness compared to 
that of the magnetic data in the ocean suggests 
that the geotectonics of the continental crust 
are influenced by the slips along the transcurrent 
oceanic faults without directly taking part in 
these displacements. Thus, the geologic expres- 
sion of the Mendocino fault is that it lines up 
with the southern termination of the Cascades 
Range. From the geophysical point of view, 
James Affleck of the Gulf Research and De- 
velopment Company (Personal communica- 
tion) writes: 

“There is evidence from magnetics that the 
Mendocino feature may extend eastward from the 
coast for at least 100 statute miles (160 km). There 
1s no direct evidence of horizontal displacements, 
but strong lineaments and changes of magnetic 
character are present.” 

Nothing on land corresponds to the Pioneer 
fault. This fault may be regarded as a sliver of 
the Mendocino fault zone. 

The Murray fault to the south marks the 
northern boundary of the drowned Basin and 
Range topography of the continental border- 
land (Shepard and Emery, 1941). South of the 
Murray fault the continental borderland shows 
evidence of right-lateral strike-slip faults 
parallel to the San Andreas fault, suggesting 
that the latter belongs to a fault zone a part of 
which is under water. On the continent the 
Murray fault lines up with the Channel Islands 
and the Transverse Ranges of California, where 
all horizontal displacements measured by geo- 
logical methods are left lateral. This direction 
is opposite to the 154-km right-lateral slip 
found in the deep ocean by the magnetic sur- 
vey. However, all magnetic and bathymetric 
evidence of the Murray fault stops east cf 
124°W. long., making a gap of 4° between the 
eastern end of this fault at sea and the Channel 
Islands. 

The presence of this gap makes it possible to 
reconcile the opposite directions of displace- 
ment by assuming an absence of genetic re- 
lationship between the displacements at sea 
and on land. This explanation may be unlikely, 
but it follows directly from the assumption, 
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which again may be unlikely although still 

ible, that the displacements along oceanic 
faults propagate into the continent at the time 
they happen. If this time is ancient, both mag- 
netic and geologic evidence for the slips gets 
largely wiped out on the continent. Further- 
more, geologists do not usually look for slips 
of 1400 km. The absence of definite extension 
of the oceanic faults into the continent can be 
‘J explained by the motion along the San Andreas 
fult zone which separates the ocean from the 
continent. The land east of the San Andreas 
fault is now slipping to the south at the rate of 
5m per year. Since the Jurassic it has moved 
560 km (Hill and Dibblee, 1953), roughly the 
distance between the Mendocino and the 
Murray faults. There is no need to be dis- 
turbed about the discrepancy between the dis- 
placements of the Murray fault at sea and the 
faults on land at about the same latitude unless 
one insists that the oceanic faults are younger 
than the San Andreas fault. This is contrary to 
present-day evidence; the San Andreas fault is 
seismically active, whereas the oceanic faults 
are seismically dead west of 130° W. long. Also, 
mild heat-flow anomalies seem to cross the 
Mendocino escarpment as though it did not 
exist (R. P. Von Herzen, personal communica- 
tion), indicating quiescent conditions in the 
last 100,000 years at least. 

Recalling again that the present discussion 
has postulated without proof the extension of 
the oceanic displacements into the continent 
at the time of their formation, a limit to their 
age is set by the age of the San Andreas fault— 
namely, they must have stopped moving some 
time in the Cretaceous. At 1 cm per year, the 
average rate of motion along the San Andreas 
fault, the slip along the Mendocino fault must 
have taken another 100 million years. The 
rocks that give us the magnetic lineations that 
permit us to measure the lateral displacements 
along the transcurrent faults are thus still older 
and must have been laid down in Paleozoic 
time or earlier. They have not been disturbed 
appreciably since that time either mechanically 
or by intrusions or extrusions, or we would not 
have been able to read the magnetic record of 
the motions. Thus, except for the motions 
along the transcurrent faults, it is likely that 
the floor of the eastern Pacific Ocean between 
30° and 45°N. lat. has been relatively quiescent 
since some time in the Paleozoic. This interpre- 
tation could be directly confirmed by dating 
paleontologically and geochemically the mate- 
rial from a deep boring in the ocean floor. 
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If the motions along oceanic faults do not 
propagate into the continent at the time of 
their occurrence, then nothing can be said 
about their age, and the preceding discussion is 
discarded. It can be imagined that somehow 
the oceanic crust carrying the magnetic pattern 
can slip under the continental mass without 
disturbing appreciably the continent’s geology 
and isostasy. The oceanic crust would be de- 
pressed under the continent, which would 
cause smoothing out of the geomagnetic field 
as noted by Heezen (Heezen and Tharp, 1959) 
in the Atlantic Ocean as one proceeds shore- 
ward over the continental slope and shelf. The 
same happens along the west coast of North 
America as shown by unpublished observa- 
tions by workers at the Scripps Institution of 
Oceanography, except that the band of smooth 
field is much narrower along the Pacific margin, 
as one would expect it to be. 

The discovery of slips of the order of 100 
km in the ocean floor suggests looking for such 
displacements on the continents by reviewing 
geological and geophysical evidence. As a start, 
James Affleck (Personal communication) has 
examined for that purpose over | million 
square miles of aeromagnetic surveys. He found 
that there are numerous magnetic trends re- 
lated to major tectonic features. Some of these 
can be followed for several hundred miles. In 
addition, offsets in anomaly-trend systems 
commonly suggest horizontal displacements but 
generally only of the order of 10 miles. In gen- 
eral, geomagnetic measurements indicate that 
the crust is more complex in continental areas 
than under the oceans. In evaluating the evi- 
dence from land magnetic surveys one should 
remember that surveys for oil exploration are 
confined to sedimentary basins. 

The displacements along strike-slip faults in 
the ocean floor are thus of the same magnitude 
as the distances through which continents have 
been presumed to drift to accommodate physio- 
graphic and paleomagnetic data. Except for 
Carey (1958), who invokes a several-fold ex- 
pansion of the whole Earth, continents are 
pictured in the literature as rigid plates drift- 
ing without distortion through the viscous 
ocean floor. Now we have evidence for the 
rigidity of the upper part of the oceanic crust 
that carries the magnetic pattern, which is just 
as good as the evidence for the rigidity of con- 
tinents exemplified by the fit obtained by 
Carey (1958) between the coasts of Africa and 
South America along the 2000-m_ isobath. 
Since it is most unlikely that the magnetic or 
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the physiographic correlations are accidental, Thanks are due the Sperry Gyroscope € 
the resolution of this paradox will be an im- pany, Inc., for the loan of their exeg 
portant advance in geophysics. Mark II, Model 2A Loran set used for locatj 

This work was wholly supported by the _ the ship on the last two cruises. 
Office of Naval Research Contract 2216(05). 
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Mpstract: A ship-towed magnetometer survey of 
“By area 250-300 miles wide off the foot of the con- 
.Moeatal slope along the coast of California has re- 
pel led a narrow pattern of anomalies of about 400 
“Bammas magnitude trending north-south for more 
han 500 miles. The pattern is interrupted at the 
nown faults and elsewhere; offset of the pattern 


While making detailed hydrographic sur- 
-Wheys off the west coast of North America, the 
~ [oast and Geodetic Survey ship PionEER 

MBowed a total-field magnetometer and enabled 
to survey an area 250-300 miles in width off 
~ the foot of the continental slope between lati- 
t: Geol, Sehudes 32° and 52° N., toa standard approaching 
~ that of air-borne magnetometer surveys over 
and, 

_} A map of the section between latitudes 32° 
‘Bind 36° N., which includes part of the Murray 
~ fult, has already been published (Mason, 
~ 91958). This note presents a map of the area 
om latitude 32° N. to latitude 42° N., a little 
north of the Mendocino fault, and includes the 
ection published previously. The geographical 
Wocation and major physiographic features of 
“Phe area are shown in Figure 1. 

The area surveyed was covered with a regu- 
"fir grid of lines, normally about 5 miles apart 
‘Plabout twice the average depth of the water). 
PExcept in the vicinity of the Mendocino fault, 
‘Fvhere intersecting lines were run north-south 
and east-west, the lines were mostly east-west 
—i¢., across the grain of the anomalous mag- 
etic field. Sufficient lines were run in the other 
direction, however, to resolve any ambiguities 
that might otherwise have arisen in the con- 
touring process. A radio-navigation system, 
using fixed beacons ashore, enabled positions 
to be determined about every 8 miles with a 
probable error of the order of 0.1 mile. 

The magnetometer was a highly stabilized, 
elforienting, total-field fluxgate. To reduce 
[he effect of the ship’s magnetism, the fluxgate 
mechanism was mounted in a streamlined fish 
and towed 500 feet behind the ship. The instru- 
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AGNETIC SURVEY OFF THE WEST COAST OF 
ORTH AMERICA, 32° N. LATITUDE TO 42° N. LATITUDE 


at the Murray fault suggests a right-lateral dis- 
placement of about 84 nautical miles. The anomalies 
are such as might be expected of slablike structures 
underlying the ocean floor; geological possibilities 
include basic lava flows, topography of the main 
crustal layer, and intrusion of ultrabasic material 
from the mantle. 


ment was calibrated ashore, at approximately 
monthly intervals, by comparison with a 
proton-precession magnetometer. Taking into 
account the principal sources of error, namely 
inherent drift, inaccuracy of adjustment, and 
the effect of the ship, the standard deviation 
of a single observation from the absolute value 
is about 15 gammas. Provided that the instru- 
ment is kept in proper adjustment, the relative 
error between any two points on the same line 
is negligible. 

The magnetic anomaly map (PI. 1) is a plot 
of the observed field from which the regional 
magnetic field has been subtracted. The latter 
was derived from the map of the observed 
field by a smoothing process. No attempt was 
made to remove the effects of diurnal varia- 
tion and magnetic storms. The daily range in 
hourly values of the total field at these latitudes 
is usually of the order of 30 gammas, and seldom 
exceeds 50 gammas, except during magnetic 
storms, It is unlikely, therefore, that the nor- 
mal diurnal variation will have any significant 
effect on the positions and magnitudes of the 
more important anomalies, although individual 
contours may be distorted, particularly in 
areas of shallow magnetic relief. There were 
several magnetic storms during the survey, 
but the contours did not appear to be sig- 
nificantly affected by them. Long-term changes 
in the earth’s magnetic field are automatically 
removed in the smoothing process for deriving 
the regional field. 

The regional bathymetry has been described 
by Menard and Dietz (1952) and by Menard 
(1955). The area is crossed by two of the great 
east-west fault zones of the northeast*Pacific, 
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Figure 1. Skeleton magnetic map, showing geomorphic provinces, principal known faults, and locations 
of profiles. The contour interval is 250 gammas. Areas of positive anomaly are stippled. Negative cot 
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he Mendocino and the Murray. The former 
by far the most spectacular topographic fea- 
of the area; the bottom rises about 800 
thoms (114 km) from south to north across 
t, and across most of the map it forms an 
etrical ridge with a south-facing escarp- 
t 5000-10,000 feet (114-3 km) high. It 
ks the boundary between the Deep Plain 
f the Northeast Pacific, a comparatively 
th abyssal plain 2100-2600 fathoms 
4-5 km) deep, to the south, and the shallower 
idge and Trough province, an area of narrow 
rth or northeast trending ridges and troughs, 
othe north. The Murray fault, about 6° south 
f the Mendocino, divides the Deep Plain 
om the slightly shallower Baja California sea- 
t province. A recently discovered topo- 
raphic feature, the Pioneer Ridge, crosses the 
p Plain about 100 nautical miles (185 km) 
th of the Mendocino fault, marking the 
ine of another major east-west fault. 
Seismic-refraction measurements have been 
de at points widely distributed throughout 
¢ area. Results for stations south of the 
endocino fault are consistent with a normal 
eanic crust (R. W. Raitt, personal communi- 
cation). Thus at A-A (Fig. 1) the structure 
consists of 4.6 km of water, 0.3+ 0.1 km of 
le, nconsolidated sediments, 1.4 + 0.3 km of a 
NX] | Iecond layer of velocity 5.4 0.4 km/sec and 
\} | commonly believed to be either volcanic rocks 


or consolidated sediments, and the main crustal 
ayer 4.8 + 0.5 km thick and of velocity 





69+ 0.1 km/sec. The M discontinuity is at 
adepth of 11.1-- 0.6 km. North of the Mendo- 
ie: tino fault, where the bottom is shallower, the 

“<q | fstructure appears to be distinctly different, 
but the exact nature of the difference has not 
yet been established. 

The magnetic map is unusual in many re- 
spects. Although some correlation might have 
ben expected between the magnetic field and 
the linear topography of the Ridge and Trough 
province, there were no grounds for antici- 
= pating either the strongly lineated character 
of the map over the Baja California seamount 
province and the relatively featureless Deep 
>» fPhin, or the large horizontal displacements of 
— the magnetic pattern that occur at the known 
nd locatioas§ faults and elsewhere. These lineations, and the 
*gative MEhorizontal displacements, far exceed in scale 
any that have been observed over the conti- 
nents, 

At the Murray fault, a 200-km section of 
the pattern on the north side can be matched 
against a similar section on the south side in a 
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way that suggests a right-lateral displacement 
of about 84 nautical miles (155 km) (Mason, 
1958). There is no obvious match of the pattern 
across either the Pioneer or the Mendocino 
fault, within the limits of the map. The survey 
has recently been extended westward on both 
sides of these faults, by ships of the Scripps 
Institution of Oceanography, to look for such 
a match and hence to determine the strike-slip 
movement along them. The results are re- 
ported elsewhere (Vacquier, 1959; Vacquier 
et al., 19€1). They are interpreted as indicating 
a left-lateral slip of about 140 nautical miles 
(265 km) across the Pioneer fault and about 
640 nautical miles (1185 km) across the 
Mendocino. 

At the Mendocino fault the character of the 
map changes abruptly. Some of the anomalies 
on the north side are so sharp as to place the 
top of the magnetic rocks no deeper than 34 
km (1900 fms) below sea level, which is 
shallower than the sea floor on the south side 
of the fault, and shallower therefore than the 
magnetic structures on that side. The change 
in character of the map is undoubtedly due 
in part to this factor. However, the seismic 
results, the change in elevation, and the fact 
that the line of the Mendocino fault marks the 
approximate boundary between various phys- 
iographic provinces of the neighboring conti- 
nent (Eardley, 1951, p. 430) all point to a 
more general change in crustal structure. There 
is no significant change in the character of the 
map across either the Pioneer or the Murray 
fault. 

The lineations of the anomalous magnetic 
field are remarkably straight. The principal 
north-south trending anomalies, for example, 
strike almost exactly N.5° W. from the south- 
ern edge of the map to the Mendocino fault, 
a distance of 500 nautical miles (900 km). 
This is surprising, in view of the very large 
relative displacements that have taken place 
at the intervening faults. They are also re- 
markably uniform in magnitude and width. 
Over most of the area they show little corre- 
lation with topography, and there is no indica- 
tion of any systematic difference between 
seismic velocities in the anomalous areas and 
in the areas between, although the amount of 
data is not yet sufficient to demonstrate this 
point conclusively. 

As to their immediate cause, the anomalies 
are such as might be expected of flat slablike 
structures approximately underlying the areas 
of positive anomaly. Figure 2 shows the ob- 
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served anomalies along lines A~A and B-B of the polarization contrast that can 
Figure 1, and superimposed on them theoreti- be assumed, the bodies must be of a emp match 
cal anomalies computed respectively for an minimum thickness to produce anomalies Polart 
east-west line across an infinite north-south the observed magnitude. sp poeptib 
striking slab, and for a north-south line across The effect of these restrictions was j 
the southern edge of a semi-infinite slab, both gated by comparing profiles from various 
immediately underlying the ocean floor. The of the map with theoretical anomalies ¢ 
agreement 1s striking. puted for slabs of various depths and thi 

Two factors restrict the theoretically infinite _nesses.. This investigation showed that 
range of possible depths and thicknesses of anomalies can be closely matched by 
these slabs: (1) the sharpness of the anomalies lying in the ‘‘second layer,” and by slabs 
places a limit on the depth to the magnetic tending through the whole depth of the 
rocks; and (2) since there is an upper limit to but that, in general, anomalies computed 
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dabs confined to the main crustal layer do not 
“| match the sharpness of the observed anomalies. 

s"|Polarization contrasts corresponding to sus- 
.,.1, Joeptibilities in the range 0.005-0.015 are neces- 
Asry, which are values appropriate to the con- 
trast between highly magnetic basalts and rela- 
“Ttively nonmagnetic sediments. 
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both the second and the main crustal layers. 
Objection might be raised to all three on the 
grounds of lack of topographic and seismic ex- 
pression. Figure 3 illustrates the three cases in 
terms of infinite north-south structures each 
of which has been adjusted by trial and error 
to fit the anomaly exactly (Mason, 1958). 
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Figure 3. Possible interpretations of magnetic profile A-A. The 
theoretical anomaly computed for each of the three infinite north- 
south striking structures fits the observed anomaly almost exactly. 


The geological possibilities fall into three 
categories: (1) isolated bodies of magnetically 
anomalous material, for example basic lava 
flows, within the ‘‘second layer”; (2) elevated 
folds or fault blocks of the main crustal layer; 
and (3) zones of intrusion of highly magnetic 
material from the mantle, extending from top 
to bottom of the crust. Category (1) would fit 
in well with current views about the somewhat 
_ | Migmatic ‘‘second layer.” Such lavas would 
_ | constitute 10 per cent of the local crustal vol- 
ume. For (2), a parallel might be drawn with 
_ [the fault-block topography of the neighboring 
_ | Basin and Range province. For (3), the anoma- 
_ [lies might arise from magnetic contrasts within 





On the magnetic map the Mendocino fault 
is marked by a narrow east-west anomaly of 
300-500 gammas, almost symmetrical about 
the crest of the ridge. Figure 4 shows a typical 
section across the fault, along line C-C of 
Figure 1, and the observed anomaly along the 
same line. The question arises as to whether 
the anomaly is directly related to the ridge— 
i.e., whether the magnetic rocks conform to 
the surface topography. Figure 4 shows a 
theoretical anomaly computed for uniform 
magnetization of the topographic section, as- 
sumed infinite in the east-west direction. The 
discrepancy between observed and computed 
anomalies suggests a deficiency of magnetic 
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material on the south side of the fault. The 
stepped section, which has been adjusted by 
trial and error to approximately fit the anoma- 
ly, and which agrees closely with a possible 
interpretation of a nearby gravity profile (J. C. 
Harrison, personal communication), suggests 
a steeper and more abrupt discontinuity than 
might be expected from the topographic pro- 
file. For a polarization contrast of 0.007, a 
vertical displacement of about 3 km is indi- 
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This discussion has necessarily been 


on very simple models. Not only are indiyj ake 
structures likely to be complex, but considey a 


able heterogeneity of magnetic polarization ; andt 
to be expected also. However, from their 


all uniformity, the anomalous trends mys bt 
clearly be considered part of a single homo a 


geneous pattern. In the absence of any mag 
netic structures cutting across them, 
neat the foot of the continental slope, wi 
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Figure 4. North-south profile across the Mendocino fault along line C-C of 
Figure 1, showing theoretical anomalies computed for uniform magnetiza- 
tion of topographic and stepped sections respectively, assumed infinite in 


the east-west direction 


cated, or proportionately more or less for 
smaller or larger polarization contrasts. 

The vertical relief across the Pioneer and 
Murray faults averages only a few hundred 
fathoms; the Pioneer fault forms a shallow 
ridge with a south-facing scarp, the Murray 
rises irregularly from north to south. On the 
magnetic map these faults are marked more by 
the effects of the transcurrent movements than 
by any persistent feature that could be ascribed 
to vertical displacements. The elliptical pattern 
of contours at B-B of Figure | on the line of the 
Murray fault, and the similar patterns at 
B’-B’ and B’’-B”’ on the line of the Pioneer 
fault, can be interpreted as the effects of south- 
facing ends of blocks intersected by the faults. 
The negative anomaly under the ‘‘A” of 
Murray in Figure 1 indicates a north-facing 
end. 


there is evidence for complex faulting with 
north-south components of slip, it must be 
concluded that the faults are more recent than 
the structures. Possibly the latter are rel 
tively ancient features of the crust. A mor 
significant discussion of both pattern and fault 
will be possible when the rest of the map, ani 
projected extensions westward and over 
continental shelf, have been completed, 
when samples of the rocks have been obtained 
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RONALD G. MASON 


abstract: An extensive high-resolution magnetic 
« Kurvey of total field at sea level reveals unusual 
north-south lineations and much crustal faulting. 


A magnetic survey was made off the west 
oast of the United States and Canada, 40° N. 
at. to 52° N. lat. as a continuation of work re- 
ported by Mason (1958) and Mason and Raff 
(1961). The total field at sea level was measured 
by a fluxgate magnetometer towed by a ship 
that ran east-west track lines spaced 5 nautical 
miles apart except for highly anomalous areas 
where the spacing was about | mile. The 
accuracy of navigation was 0.1 mile. The area 
surveyed is mostly over deep water (1500-1700 
fathoms) and covers 230,000 square miles. 
Since the diurnal variation is small compared 
to the value of the anomalies, its effect was not 
removed. The map (Pl. 1) was contoured with 
intervals of 100 gammas, whereas the map by 
Mason and Raff (1961) has an interval of 50 
gammas. 

The unique north-south trends of the mag- 
netic contours of Plate 1 make it possible to see 
many faults in the ocean’s crust even though 
this area is covered with deep continental sedi- 
ment (Menard, 1960). In locating and measur- 
ing these faults we assumed that the north- 
south trend was originally continuous and 
predated the faults. The faults are observed as 
a line of anomalous features, as a discontinuity 
of contour density, or as a shear of the north- 
south lineations. 

At about 40° N. lat. (Fig. 1; Pl. 1) the 
strong east-west feature is the Mendocino 
fault, which Vacquier and others (1961), by 
extending the survey of this fault to the west, 
have shown to have a left-lateral slip of approxi- 
mately 600 nautical miles. Two subsequent 
magnetometer lines run between the eastern 
limit of the present survey and the coast show 
that the Mendocino anomaly continues to the 
coast. This great fault is here a boundary be- 
tween provinces of different ocean depth, and 
different magnetic anomaly density. North of 


_ 








MAGNETIC SURVEY OFF THE WEST COAST OF 
NORTH AMERICA, 40° N. LATITUDE TO 52° N. LATITUDE 


Computations indicate that the linear pattern is 
due to strongly magnetized mafic rocks beneath 
the sediments. 


the Mendocino fault (41° N. lat.) and near the 
eastern limit of the survey, the lineations turn 
to the northeast as though the crust had been 
rotated by the action of the several large faults 
that converge in this area. Along the line A-A 
(Fig. 1) the linear structures bend smoothly, 
which is unusual. The anomalous interruption 
just northwest of line A—A has associated with 
it a small basin 400 fathoms deeper than the 
surrounding area. 

The anomalous feature along line B-B has no 
topographic counterpart. The angular and 
curved line C-C-C marks a boundary of gradi- 
ent density similar to that usually found along 
the continental shelf, but the continental shelf 
does not show any such departure here. Line 
D-D marks a row of three seamounts. Lines 
E-E, G-G, and H-H mark a boundary of 
magnetic gradient-density change that is not 
indicated by the topography. The area between 
these lines appears from the magentics to be 
either smoothed or depressed with respect to 
adjacent aras. The area enclosed by the B, E, 
G, and H lines looks like a dilated section with 
the motion hinged at the western corner. Lines 
J-J and K-K mark a fault of the magnetic linear 
trend. These two lines may be parts of the same 
fault that has disturbed a wide area. There is a 
suggestion from the map that the magnetic 
lineations L-L, M-M, and N-N are all the same 
feature with the center section having slipped 
to the east. Most of the area on the map from 
41° N. lat. to 49° N. lat. looks like angular 
pieces of crust that have slipped and rotated 
with respect to neighboring pieces. The 
anomaly along Q-Q is associated with a trough 
that is 800 fathoms deeper than the surrounding 
area. Along the line R-R there is a 500-fathom 
ridge that has little or no magnetic counterpart. 

Along the line S-S-S there is a suggestion of a 
fault, but nothing is indicated from the bottom 
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topography. In the general region west of this 
line there are many seamounts, some of which 
cause strong magnetic anomalies, while others 
do not. It is not at all clear why volcanic sea- 
mounts in the same area should give magnetic 
anomalies of such different magnitudes. Farther 
north the irregular line T-T encloses an area of 
apparent magnetic depression similar to the 
one to the south. There are a number of other 
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Figure 1. Index anomaly map of the total magnetic field. The positive area of the anomalies 


is shown in black. 
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cust is much more magnetic than that of the 
continental crust. 

These north-south linear features have 
aroused considerable interest and speculation. 
They disappear over the areas where the con- 
tinental crust extends into the ocean. The layer 
containing these magnetic structures may dip 
under the continental crust much as the M 
discontinuity does; this is supported by the 
changes in slope width and gradient of the 
magnetic ridges where they occur closer to the 
shore line. Using rules of thumb to find the 
depth of burial of the structures the structures 
are placed about 3 times deeper at the con- 
tinental shelf than they are farther out to sea. 
The apparent deepening of these structures 
near the coast could be an illusion, however, 
caused by their having a wider thinning edge 
near the shelf. 

There is as yet no satisfactory explanation of 
what sort of material bodies or physical con- 
figurations exist to give the very long magnetic 
anomalies. It has been suggested that they are 
troughs and ridges buried under sediment, 
platelike lava flows that filled older troughs, 
unique groupings of vertical dikes, high iron- 
content derivatives of weathering that filled 
older troughs, or a thermal pattern that has 
“highs” and ‘‘lows” about the Curie point of 
ocean rocks. Two of the principal difficulties 
in imagining a body that could cause these 
north-south features are that the measured 
magnetic anomalies and computations about 
them require that the upper surface of the body 
be within 1 km of the sedimentary layer and 
that the body have what is considered an un- 
usually strong magentic moment. Such features 
were not revealed on the basis of topography 
norhave they been detected by seismic methods 
(R. W. Raitt, personal communication). 

Magnetic measurements now being made of 
all the rocks collected in the Scripps dredge 
hauls indicate that most oceanic igneous rocks 
have a remanent magnetization and. suscepti- 
bility several times greater than the median 
value for continental igneous rocks. Thus, a 
predominance of oceanic igneous rocks are 
similar magnetically to the less common mafic 
rocks of the continents. Magnetic patterns over 
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the oceans should then show greater magnetic 
anomaly than generally is observed on land, and 
possibly, although masses of rock may be too 
thin to be detected seismically, they may have 
sufficient magnetic moment to give a strong 
anomaly. 

If there originally had been a trough and 
ridge system, these troughs and ridges should 
show at least slightly in the topography of the 
heavily sedimented ocean floor. If the magnetic 
bodies are the original ridges, the magnetic 
“‘highs” should correspond with the slight 
topographic ridges; but if the magnetic bodies 
are accumulated material in the valleys, then 
the magnetic “‘highs” should be over the slight 
topographic valleys. A statistical correlation 
analysis made of the magnetic and topographic 
relief for some of this area showed that the 
topographic ridges and magnetic ‘‘highs” cor- 
respond in about 65 per cent of the cases as 
against 35 per cent of negative correspondence. 
This is certainly not conclusive, but does sug- 
gest that the magnetic bodies are the original 
igneous ridges or elevated areas that survive in 
a modified, perhaps flattened, form. 

As to the notion that this is a thermal pattern 
about the Curie point, heat-flow measurements 
(Von Herzen, 1959) give values that make it 
almost impossible for such temperatures and 
thermal gradients to exist close to the sedi- 
mentary layer. 
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Abstract: Scientists on the Coast and Geodetic 
Survey Ship ExpLorer discovered and investi- 
ated an ‘‘atoll-like” bank rising from nearly 1000 
ms to 15 fms about 95 miles off the Caribbean 













During the 1960 oceanographic expedition of 
he Coast and Geodetic Survey Ship ExpLorer 
previously uncharted bank, structurally com- 
rable to the Pacific atolls, was discovered in 
the Caribbean Sea, and a reconnaissance survey 
vas made. The feature lies 95 nautical miles off 
the coast of Honduras centered at 16° 55’ N, 
83° 15’ W, and rises abruptly from general 
epths of nearly 1000 fathoms to a least depth 
f 15 fathoms (Fig. 1). It measures 514 by 12 
autical miles within the 20-fathom contour 
nd is essentially flat-topped except for a slight 
im found on the two crossings of the eastern 





EXPLORER BANK—A NEW DISCOVERY IN THE CARIBBEAN 


coast of Honduras. A towed magnetometer showed 
that the primarily calcareous bank has a core of 
igneous origin. 


edge. A towed magnetometer belonging to the 
Scripps Institution of Oceanography revealed a 
core of igneous rock and indicated that the bulk 
of the feature is nonmagnetic. A cored rock 
sample from the crest was coralline and algal 
limestone. The bank is significant because there 
are few ‘‘atoll-like” structures in the Atlantic 
and because a magnetic survey could be made 
of this drowned feature. 

The feature, tentatively called Explorer 
Bank, is an apparently isolated feature rising 
more than a mile above the sea floor 45 nautical 
miles southeast of the nearest land, the Swan 
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Figure 1, Reconnaissance bathymetric 





chart of Explorer Bank. A-A’ is the profile shown in Figure 2 
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Islands. The top of the feature is essentially 
rectangular, 514 by 12 nautical miles, with the 
long axis oriented east-west (Fig. 1). The 
southern side has a measured lower slope of 31° 
which becomes 27° nearer the crest. To the 
north the slopes are gentle. The crest of the 
feature is nearly flat at depths of 19 to 20 
fathoms. The two crossings of the eastern edge 
showed a narrow rim rising 2 to 5 fathoms above 
the general level of the flat top. The northwest- 
southeast profile across the bank as recorded on 
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was the one sample recovered from the flat le 
The sharp minimum in the magnetic profile 4 
locates a core of material of igneous origin ang) ™ 
of shallow depth. This part of the megan! th 
profile is drawn as though smooth but actualy§ 
is composed of small peaks and troughs. A study 
of these small features on the original ml 
indicates that the highest part of the magnetic 
rock is less than 1200 feet deep, but probably 
deeper than 500 feet. The fact that the shar 
feature of the magnetic profile is a “ow” x 











Figure 2. Fathogram profiles across Explorer Bank. The upper profile was made by the Pre- 
cision Depth Recorder (PDR), the lower by the shoal-water 808-type echo sounder 


the two fathometers (Fig. 2) shows a marked 
change in slope at 160 fathoms on the southeast 
side and at 270 and 310 fathoms on the north- 
west side. However, both sides show a decided 
break in slope at 40 fathoms. 

While the Exptorer was making the depth- 
profile measurements, a fluxgate magnetometer 
was towed astern of the ship to measure the 
total magnetic-field intensity at sea level along 
the track. These magnetic data were plotted as 
contours of equal magnetic intensity and in 
profile form (Figs. 3, 4). The slight difference in 
the shape of the 500-fathom contour between 
Figure | and Figure 3 is due to the fact that the 
adjusted ship’s track from which Figure | was 
constructed was not available until after the 
magnetic data had been processed using the 
field track. 

The magnetic-intensity contours and the 
profile indicate that the bulk of the feature is of 
nonmagnetic material, most likely limestone, as 





aliens a ~~ ; 
- 400 ¢* 800 ‘ 





first suggests rock of negative magnetic polar 
zation, but further study shows that a tilted 
slab with normal polarization may produce: 
sharp profile minimum. The magnitude of th 
‘‘low” and the maximum depth of burial d 
1200 feet indicate a material of low magnetic 
susceptibility compared to basalt, but yet o 
igneous origin. 

One solution to the magnetic measuremenis 
is the picture of the bank shown in Figure 
This internal structure and the general shaped! 
the feature suggest a possible explanation fo 
this bank. It is most probable that the ignrow 
rock representing the highest point of a tilte 
slab extended above the surface of a relatively 
lower sea and provided the hard substrate m 
which a community of reef-building calcarews 
marine organisms became attached. Upwat 
growth of the calcareous material continuedat 
kept pace with a relative rise in sea level 
the igneous material was covered. Relatives 
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level must have continued to rise with a con- 
comitant upward growth of the calcareous 
material at least to its present extent of more 


than a mile high. 
Possibly the flat top results from marine 


planation of the calcareous material that pre- 
viously existed above sea level. However, the 
writers feel that it is more probable that this 
flat top represents the original surface of the 
living reef. In this case, the definite break in 
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Figure 3. Magnetic field contour map of Explorer Bank 
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Figure 4. Profile of Explorer Bank with undistorted vertical scale 
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slope at 40 fathoms may be an indication of the 
effect of Pleistocene lowering of sea level which 
merely indented the sides rather than planing 
off the entire top of the reef. If the top of the 
reef was exposed above sea level, then surely it 
was killed by this exposure. The question then 
arises as to why this reef did not resume its 
upward growth following the return of sea 
level to cover it. Reefs like Quita Suejfio, 
Serrana, and Serranilla Banka some 200 miles 
to the southeast are now flourishing living reefs 
growing at the present level of the sea. On the 
other hand, Great Swan Island and Little 
Swan Island to the northwest are bordered by 
steep coralline limestone cliffs attestiag to 
relative uplift of more than 60 feet. Why then 
did the reefs on Explorer Bank cease their up- 
ward growth? It could have been related to a 
change in water temperature, loss of food 
supply from a change in the current pattern, or 
an extreme change in any of the various limit- 
ing factors upon which living corals are so 
dependent. However, the presence of flourish- 
ing coral banks only 200 miles away and of 
uplifted coral reefs less than 50 miles away sug- 
gests that all the factors for vigorous coral 
growth were present but that tectonic activity 
kept the crest of Explorer Bank below the level 
where corals could become re-established for 
successful reef growth. 

Although the steep sides of Explorer Bank 
are comparable to those of the great atolls of 
the Pacific, the top does not appear to represent 
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a true atoll. The narrow rim on the east sd 
rises only 2 to 5 fathoms above a nearly flat 
and was not found at the six other places wher 
the edge of the reef was crossed. Alexa Ban} 
north of the Fiji Islands in the Pacific is a try 
drowned atoll in which the original reef top ; 
preserved at 20 fathoms (Fairbridge and Steg. 
art, 1960). That drowned reef has an 
continuous rim 10 to 15 fathoms above 
former lagoon which slopes gently toward 
center and from whose floor rise isolated pin: 
nacles. Explorer Bank does not have thi 
prominent rim or sloping lagoon floor, and » 
isolated pinnacles were found. The rim 
the southeast portion of the flat top is inter 
preted as due in part to accelerated cop) 
growth on the east or upcurrent side as jp 
dicated by the greater bank development ex 
of the center of the igneous core (Fig. 3), Th 
rim may also be due in part to sand cays and 
boulder ramparts that develop on the windwan 
margins of cornparable features elsewhere in th 
Caribbean. Pedro Bank, for example, just south 
of Jamaica and 300 miles due east of the present 
area, has a similar string of linear and areuate 
reefs along the southeastern edge (Zans, 1958) 

This work represents results of the Coast and 
Geodetic Survey ExpLorer Expedition whox 
scientific work was supported in part by th 
National Science Foundation. The magneton: 
eter work was in part supported by the 
of Naval Research. 
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OCCURRENCE OF AQUIFERS IN 


Abstract: In northeastern Lyon County the areal 
» f distribution of aquifers of Cretaceous age deter- 
"E mined from well-bottom altitudes suggests a series 
of interbedded sandstones striking northwestward 
and overlapping one another to the northeast. 


Introduction 


Most domestic water supplies in northeastern 
Lyon County, Minnesota, are obtained from 
Upper Cretaceous sandstones at depths ranging 
from about 100 to 300 feet. This paper shows 
how a simple statistical evaluation of well 
depths suggested a possible depositional envi- 
ronment for these sandstone aquifers. 

The strata extend from Redwood County 
northwestward through northeastern Lyon 
f County into Yellow Medicine County. Records 
of wells outside this area show these sandstones 
to be scattered in occurrence and limited in 
extent. In Lyon County they underlie an area 
approximately 20 miles long and 8 miles wide 
and occur between altitudes of 890 and 1020 
feet. 

Data collected in this area include records 
of more than 300 wells; 212 are drilled wells 
completed in the Cretaceous sandstones, and 
the remaining are shallow bored or dug wells 
nesian Bord finished in glacial drift. The well data were col- 


lected in conjunction with a countywide study 








1955-57: Geilg of the geology and ground-water resources by 
e U. S. Geological Survey in co-operation 

with the Division of Waters, Minnesota De- 

ha partment of Conservation. Robert Schneider, 


district geologist of the Ground Water Branch 
of the Geological Survey for Minnesota, super- 
vised the work. 


Geologic and Ground-Water Conditions 


In northeastern Lyon County, horizontal 
Upper Cretaceous strata rest on Precambrian 
granite and are covered by a thin veneer of 
glacial drift (Fig. 1, section A-A’). The granite 
surface rises from about 750 feet to 1100 feet 
above mean sea level from southwest to north- 








USE OF WATER-WELL DATA IN INTERPRETING 


} NORTHEASTERN LYON COUNTY, MINNESOTA 


Probably the numerous thin sandstone aquifers in 
the area were deposited near the flanks of a Pre- 
cambrian granite ‘“‘high” area by a transgressing 
Late Cretaceous sea. 


east. The Upper Cretaceous strata are approxi- 
mately 350 feet thick near the southwest mar- 
gin of the area and gradually pinch out against 
the flanks of the granite “‘high” in the north- 
east. The strata are composed largely of thick 
sections of soft dark-bluish-gray shale but in- 
clude thin beds of loosely consolidated sand- 
stone. The interbedded sandstone strata, which 
occur between 890 and 1020 feet, average only 
a few feet in thickness. They are composed of 
fine, subrounded to subangular quartz grains 
and are of low permeability. 

Water in the Cretaceous sandstones occurs 
under artesian conditions, and it is generally 
softer but higher in chloride than the water 
from other formations in the county (Rodis and 
Schneider, 1960, p. 1). Local drillers report 
that wells are completed “‘open end” in the 
upper few inches or feet of the sandstone and 
yield 2-7 gallons per minute. 


Statistical Evaluation of Well-Bottom Altitudes 


A simple statistical study of well-bottom 
altitudes was made to interpret the mode of 
occurrence of the sandstones. Well depths were 
converted to well-bottom altitudes with the 
aid of surface altitudes from an unpublished 
Army Map Service topographic map having a 
25-foot contour interval. The interpolated 
land-surface altitude was weighted against a 
brief topographic description of each well site 
to minimize the possible error of 12.5 feet (half 
the contour interval). Because most wells were 
completed at the top of the aquifer, the well- 
bottom altitude represents the approximate 
top of the water-bearing sandstone. 

The well-bottom altitudes were plotted on 
two graphs (Fig. 2), for areas east and west of a 
shale re-entrant in the Cretaceous sandstone 
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which partitions the area. Each small solid increase at that interval on the west graph in 
circle on the graphs represents one well com- the number of well completions at the corre. 
pleted at the indicated altitude. Some errors sponding altitudes suggests that sand was bej 
may have been incurred in the interpolation of deposited in the west while clay was being de. 
surface altitudes and use of reported well posited in the east. 
depths; however, because large numbers of The well-bottom altitudes were grouped 
well-bottom altitudes were plotted, the writer more or less arbitrarily into three vertical ip. 
believes that significant results were obtained. _ tervals to facilitate plotting the geographic dis 

Well-bottom altitudes shown on Figure 2 tribution of the wells completed at approx. 
range in altitude from 890 to 1020 feet. Be- imately the same altitudes or vertical intervals 
tween 930 and 960 and 965 and 975 on the (Fig. 2): a triangle was used for wells who 
west graph and between 930 and 962 on the  well-bottom altitudes ranged from 890 to 995 
east graph, the well completions appear to in- feet, a cross for those between 930 and 962 feet, 
crease in density. These intervals probably rep- an open circle for those between 965 and 975 
resent individual water-bearing zones; absence _ feet, and a solid circle for wells between 978 and 
of water-bearing zones is shown by intervals 1020 feet (Fig. 1, map). The geographic and 
where there is a marked scarcity of wells. The stratigraphic distribution of well symbols sug- 
absence of wells completed at altitudes of 965 gests a steplike structure of the sandstone in 
to 975 feet on the east graph and the marked the subsurface: wells symbolized by a triangle 
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Figure 1. Map and section of northeastern Lyon County, Minnesota, showing areal distribution of wt 
bottom altitudes and area in which most wells were completed in Upper Cretaceous sandstone 
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are concentrated around the southern rim and 
along the edges of the re-entrant. Wells sym- 
bolized by a cross generally occur between 
those symbolized by a triangle and those sym- 
bolized by an open circle in the west and be- 
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tween those symbolized by a triangle and )) 
those symbolized by a closed circle in the east 
Wells symbolized by a closed circle are cop. 
centrated primarily along the northeaster 
boundary of the area. 
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MULTIPLE PLEISTOCENE GLACIATION OF THE WHITE 


Abstract: Field evidence indicates two episodes of 
aciation in the White Mountains, separated by a 
considerable time gap represented by deep weather- 
ing of the older glacial material, stream entrench- 


The White Mountains area, east and north- 
east of Baldy Peak, the highest point, contains 
evidence of multiple Pleistocene glaciation that 
has not been described in the literature. The 
extent of the glacial deposits is not yet known, 
and further work is under way to unravel the 
Pleistocene history of the area. 

The highest summit of Baldy Peak (Lat. 
33° 54N., Long. 109° 34’W., elevation 11,490 
feet) lies on the divide between the Little 
Colorado River and the Black-Salt-Gila River 
system (Fig. 1). East and northeast of Baldy, 
for 8-10 miles, is a relatively gentle, rolling, 
plateaulike surface at 9000 to 9300 feet eleva- 
tion. This area is composed of flat-lying ande- 
sitic and basaltic lavas and bedded tufts, 
whereas, near Baldy Peak, stocks of dacite 
porphyry support steep-sided hills. The major 
drainage is the West Fork of the Little Colo- 
rado River, which has eroded a canyon back 
into the plateau. The surfaces of the lava 
plateau are covered with grass; spruce and fir 
grow on the hill-slopes as isolated patches at 
lower altitudes but continuous higher in the 
mountains. The broad, high, plateaulike hypso- 
graphic characteristics of the White Moun- 
tains undoubtedly are effective in lowering the 
mean temperatures of the region, and perhaps 





in producing greater precipitation than would 
be expected from geographic position and ele- 
vation, 

The evidence for an older glaciation is a de- 
posit of till in a railroad cut approximately 1.2 
miles south of Sheeps Crossing on State High- 
way 273. The outcrop is at an elevation of 
about 9300 feet, about 5 miles northeast of 
Baldy Peak. The exposure is 6 feet high, 
weathered to the base, and is capped by a well- 
developed, yellow-brown podzolic soil or 
plnosol (E. A. FitzPatrick, field identifica- 
tion). Up the hill and back from the outcrop 





MOUNTAINS, APACHE COUNTY, ARIZONA 


ment, and outpouring of basalt and cinders over 
the area. The snow-level depression at the time of 
the younger glaciation was 2700+ 640 feet below 
the estimated, modern snow level. 


basalt flows and a red cinder deposit overlie the 
till; the contact is obscured by black soil wash. 

The till contains cobbles and boulders of 
volcanic rocks of several types. Most notable 
are boulders up to 8 feet in diameter of porphy- 
ritic dacite, which were evidently brought 
from outside the immediate area, as the near- 
est known outcrop of dacite is about 3 miles 
away. The topography is too gentle for trans- 
port of the largest boulders either by streams 
or in landslides. 

The situation of the till in an open meadow, 
several miles from the foot of the steeper part 
of the mountains, suggests deposition by a 
piedmont glacier that moved northeastward 
out of the higher part of the White Mountains. 
The degree of soil development, depth of 
weathering, and decay of the contained rocks 
date the till as pre-Wisconsin. After develop- 
ment of the soil on the till, the area was 
trenched by stream erosion and then covered 
by basalt flows. 

The valley of the West Fork of the Little 
Colorado River above Sheeps Crossing was 
glaciated once and probably twice in Wisconsin 
time after dissection of the basalt flows; it 
is straight, lacks interlocking spurs, and has a 
remarkably broad floor and low gradient for its 
proximity to a high mountain area. The sides 
of the valley are altered by creep and runoff. 
About 2 miles above Sheeps Crossing is a de- 
posit of boulders in the valley that appears to 
be a small, stream-eroded, recessional moraine. 
A striated cobble and many cobbles and 
boulders that appeared to be glacially abraded 
were found. Similar boulder deposits occur 
farther upstream. 

Higher in the valley are two boggy meadows. 
Near the middle of the higher meadow, parallel 
to the length of the valley, is a string of 
boulders 2-4 feet in diameter which is prob- 
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ably a medial moraine. Below the meadow an 
extensive deposit of unsorted boulders forms a 
terminal or large recessional moraine. The 
rocks are too varied to have been derived 
locally from the hill slopes by creep or frost 
action. The boulders on the surface of the 
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In the headwaters of the valley, on the 
northeast side of the mountains, are 
cirques at elevations of 10,600-10,800 feet. The 
short valleys from these two cirques join and 
may thus explain the origin of the medi) 


moraine in the meadow. 
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Figure 1. Drainage map and index map of White Mountains area, Arizona 


moraine are not greatly weathered. Andesite 
and basalt boulders on the moraine show most 
extensive weathering—the weathered rind ex- 
tends inward for about 2 inches. More silicic 
rocks are scarcely weathered at all. Higher in 
the same valley, about 314 miles above Sheeps 
Crossing, a lateral moraine contains erratics up 
to 15 feet in diameter; these are of varying 
rocks types and could not have been derived 
from the immediate hillside. Closed depres- 
sions were seen in this lateral moraine. 











The extent of the valley glacier that oca 
pied the West Fork of the Little Colorads 
River is not known. The topography suggest 
that it must have extended at least 4 mils 
from the cirques. A large terminal moraift 
may have been deposited below Sheeps Cros 
ing but since removed by fluvial erosion, be 
cause below Sheeps Crossing the valley become 
canyonlike and is evidently either greatly 
modified by or entirely of fluvial origin. 

The White Mountains are not high enoug 
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SHORT NOTES 


tointercept the modern orographic snow level. 
The elevation of the orographic snow level to- 
day is entirely hypothetical, but is approxi- 
mately the elevation that would have a mean 
annual temperature of 25° F.; this can be 
estimated from climatological records. Assum- 
ing sufficiently high mountains, the 25°F iso- 
therm would be at 13,400 feet, +540 feet 
(tandard error of estimate). Considering the 
cirque elevations, the indicated snow-level de- 
pression is therefore 2700+640 feet for the 
time of formation of the cirques. This com- 

s favorably with previous estimates of 
Wisconsin snow-level depression for this region 
of about 800 m (2600 feet) (Charlesworth, v. 
2, p. 653). 
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LATE WISCONSIN AGE OF TERRACE ALLUVIUM ALONG THE 
NORTH LOUP RIVER, CENTRAL NEBRASKA: A REVISION 


Abstract: A radiocarbon age of 10,500+ 250 years 
BP. (Before Present) from shell material near the 
tase of a terrace along the North Loup River, 
Howard County, Nebraska, dates the alluvial se- 


New radiocarbon dates, supplemented by 
stratigraphic and paleontologic evidence, indi- 
ate that an alluvial sequence along the Loup 
vers in central Nebraska is much younger 
than we previously reported (Miller and Scott, 
1955). In the earlier report we described the 
sequence of alluvial deposits and soils along the 
North Loup and Middle Loup rivers in parts 
of Valley and Howard counties, Nebraska. 
This sequence is especially well exposed in secs. 
14 and 15, T. 15 N., R. 11 W., in Coopers 
Canyon, a ravine cut into a high terrace along 
the North Loup River near Elba in Howard 
County. 

A white sand at the base of the alluvial se- 
quence was correlated with the Grand Island 
of Kansan age, and an overlying alluvial silt, 
on which was developed a dark-gray gley soil, 


was correlated with the Sappa formation of 


late Kansan age (Miller and Scott, 1955, p. 
1433). Other overlying alluvial silts and their 
respective soils were believed to be of Wis- 
consin or Recent age. 

Correlation of the silt with the Sappa forma- 
tion was based partly on its similarity to 
typical Sappa formation elsewhere, but pri- 
marily on a molluscan fauna consisting of 46 
yecies collected from the silt and gley soil 
(Miller and Scott, 1955, p. 1443). This fauna 
includes a snail identified by Dwight W. 
Taylor, U. S. Geological Survey, as Promenetus 
pearlettet (Leonard), which is considered diag- 
nostic of deposits of Kansan through Illinoian 
age (Taylor, 1954, p. 3). This one species thus 
indicated a Yarmouth and Kansan age for the 
gy soil and underlying deposits. 

The alluvial silts and soils that constitute the 
werlying terrace deposits were considered to 
be Wisconsin and Recent in age. We assumed 
that the silts were deposited during glacial 





quence of silts and soils as late Wisconsin. The 
alluvium containing the shell material’ previously 
was reported as Kansan and Yarmouth in age. 


substages and that the soils were formed during 
interstadials and we tentatively correlated the 
lower three cycles of alluvial silts with the 
Iowan(?) to Tazewell(?), Cary(?), and Man- 
kato(?) substages respectively (Miller and 
Scott, 1955, p. 1433, 1437). Two cycles of silt 
and soil overlying these were correlated with 
the Recent epoch. 

Radiocarbon, stratigraphic, and paleonto- 
logic information that became available in 1959 
suggested that these correlations were not 
valid. Analyses of shell material collected by 
J. C. Brice, U. S. Geological Survey, from be- 
neath the gley soil gave a radiocarbon date of 
10,500+250 years B.P. (W-752) (Meyer 
Rubin, U. S. Geological Survey, written com- 
munication, June 4, 1959; Rubin and Alex- 
ander, 1960, p. 151). 

E. C. Reed and V. H. Dreeszen of the 
Nebraska State Geological Survey also pointed 
out, after a preliminary examination of well 
records, that the white sand we called Grand 
Island formation was probably an alluvial de- 
posit of Wisconsin age. Consequently, the ma- 
terial we correlated with the Sappa was not the 
Sappa, but it and all overlying alluvial deposits 
were of Wisconsin age (Reed and Dreeszen, 
oral communication, October 1959). 

After receiving this radiocarbon and strati- 
graphic information we requested a restudy of 
the fossil Promenetus pearlettei (Leonard). 
Dwight W. Taylor, U. S. Geological Survey, 
modified his earlier identification as follows: 


‘Some of the fossil Promenetus from zones 3 and 
4 of the Elba collection from the Coopers Canyon 
gley soil have moderately strong riblets, rare or 
absent in Recent shells. None of the fossils have the 
very strong riblets which occur in some (but not 
all) of the Pliocene to middle Pleistocene samples. 
It would be better judgment to refer to these Elba 
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shells as Promenetus cf. P. exacuous, or P. kansasensts, 
rather than identifying them precisely. These shells 
do not give evidence helpful for age determina- 
tion.” 


(Written communication, October 22, 1959.) 

In October 1959 we collected a sample of 
shell material for an additional radiocarbon age 
determination from the lower 4 inches of the 
tan silt below the gley soil and from the upper 
8 inches of white sand underlying the silt. The 
mollusks were concentrated in a pocket that 
extended from the sand into the silt. The shells 
were cleaned in a supersonic transducer, each 
shell was broken, and by examination under a 
reading glass absolutely clean pieces were se- 
lected. The date determined for this material 
was 10,850 +300 years B.P. (W-919) (Meyer 
Rubin, U. S. Geological Survey, written com- 
munication, December 7, 1960). As a general 
rule, shell material can be as much as 2000 years 
younger than the radiocarbon age determina- 
tion (Deevey and others, 1954); consequently 
the shells may be as young as 8550 years. 

In 1955 we correlated a soil (Miller and 
Scott, 1955, p. 1433) in the high terrace de- 
posits with the Brady soil of Schultz and Stout 
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(1948, p. 570) because of its comparable degree 
of development. The radiocarbon date of! W. 
10,850 years implies that all the alluvium ang 
soils in the high terrace, including the Brady(?) 
soil, as well as deposits we originally thought 
were Kansan and Yarmouth in age, are y 
than the Two Creeks interstadial. It seems 
likely, therefore, that the Brady soil of Schult 
and Stout is younger than 10,000 years, Thi 
inference is supported by an age of 9160 +25) 
years B.P. (W-234) determined for the Brady 
soil of Schultz and Stout at the type locality 
of the Bignell loess (Rubin and Suess, 1956, 
p. 443-444). 
A further somewhat unexpected implication} 1 
of the radiocarbon dates is that there were four 
additional soil-forming intervals in Recent 
time following development of the Brady(?)} ; 
scil. Of these, the, Ord soil (Miller and Scott 
1955, p. 1438)—the first soil above th 
Brady(?) soil—is most likely correlative with 
the altithermal soil of Antevs (1948, p. 178} 
The Elba, Turtle Creek, and Arcadia soi 
(Miller and Scott, 1955, p. 1442, 1438-1439) 


are late Recent in age. 
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Abstract: Five stratigraphically dated granitic 
hodies in New Brunswick have a K-Ar age between 
390 and 400 m.y. Four of the granites are post- 
Middle Silurian and pre-Pennsylvanian in age. The 


This report contains a few K-Ar dates on 
amples from granitic rocks of reasonably well 
documented stratigraphic age from the Prov- 
ince of New Brunswick, Canada (Fig. 1). The 
study was part of a broader investigation of the 
geology of New Brunswick, in which the 


FOSTERVILLE ( 


senior author collaborated with J. C. Smith, 
Chief Geologist, New Brunswick Department 











of Lands and Mines, and Dr. G. S. Mac- 
Kenzie, Chairman, Department of Geology, 
University of New Brunswick. Analyses were 
made in the geochronology laboratory at 
Massachusetts Institute of Technology, sup- 
ported by research grants to P. M. Hurley 






MINIMUM AGE OF THE MIDDLE SILURIAN IN 
NEW BRUNSWICK BASED ON K-Ar METHOD 


fifth granite body is post-Middle Silurian and pre- 
Late Devonian. This indicates a minimum age of 
380 m.y. for Middle Silurian time in New Bruns- 
wick. 


from the Division of Research, Atomic Energy 
Commission. 

The Central Highlands of New Brunswick 
stretch southwest from Bathurst across the 
Province into Maine. This upland region is 
underlain by a broad belt of Paleozoic sedi- 


Figure 1. Distribution and age of granitic rocks in New Brunswick 
Scale 1 inch equals 72 miles 


mentary, metamorphic, and volcanic rocks, 
cut by large granitic complexes of probable 
Devonian age. Narrow to broad aureoles of 
thermal metamorphism surround the granitic 
complexes. Unconformably overlying the rocks 
mentioned above is a nearly flat-lying cover of 
Carboniferous sedimentary rocks. 

Table 1 describes the samples studied. The 
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Tape 1. Sampre Locations aNnp DescRIPTIONS 
M.I.T. 
Sample No. Locality Lat. and Long. Description 
B3076 Connely Quarry, Lat. 47°34’N. Pink biotite granite, containing phenocrysts of 
Bathurst Long. 65°40’W. _ plagioclase 
B3806* Popple Depot, Lat. 47°20’N. Gray biotite granite 
Northumberland Co. —_ Long. 65°29’W. 
B3807 Nicholas Denys Lat. 47°42/N. Gray fine-grained biotite granite 
Glouchester Co. Long. 65°53’W. 
B3833t Bald Mountain, Lat. 47°12’N. Gray biotite granite highly altered and chloritized 
Northumberland Co. — Long. 65°28’W. 
B3882 McDougall Lake, Lat. 47°27'N. Pink biotite granite, containing phenocrysts of 


Charlotte Co. 


Long. 66°35’W. 





plagioclase 





* Sample collected by R. Louden, University of Toronto 
t Sample collected by F. D. Anderson, Geological Survey of Canada 


first four samples are from the Bathurst area in 
northern New Brunswick. Sample B3807 is in- 
trusive into fossiliferous Middle Silurian sedi- 
mentary rocks (Skinner, 1953). The granitic 
stock from which B3076 is taken is overlain by 
flat-lying Pennsylvanian strata (Smith and 
Skinner, 1958). This granite was locally un- 
roofed and incised before the deposition of the 
Pennsylvanian sediments. The Bonaventure 
formation found north of Bathurst contains 
pebbles and cobbles of a similar granite in a 
conglomeratic zone. The age of the Bona- 
venture, because of the lack of fossils, has long 
been a subject of dispute. Young (1911) placed 
it, on the basis of stratigraphic evidence, in the 
late Devonian, and Alcock (1935) dated it as 
Carboniferous. The four granites are thus post 
Middle Silurian and pre-Pennsylvanian (and 
possibly pre-Late Devonian) in age. 





In southwestern New Brunswick the Me 
Dougall Lake granite is intrusive into Silurian 
(Mascarene) sedimentary and volcanic rock 
(Tupper, 1959; MacKenzie, 1951; Alcock and 
Perry, 1945). The Perry formation is found} 
miles south of the main McDougall Lake 
granite body (Alcock and Perry, 1945). It con 
sists of sandstones and conglomerates, which 
contain boulders of fossiliferous Silurian sedi 
mentary rocks and granite of the McDougall 
Lake type. The Late Devonian age of th 
Perry formation is established from its plant 
remains (Alcock and Perry, 1945). In Maine, 
the Perry formation rests unconformably a 
granite of the McDougall Lake type, ani 
granite boulders are abundant in its conglom 
eratic beds (Bastin and Williams, 1914). The 
McDougall Lake granite is thus post-Middle 
Silurian and pre-Late Devonian in age. 











Taste 2. AnatytTicat Data For K-Ar Aces or Biotire, New Brunswick 
M.L.T. Air Ar correction K-Ar age 
Sample No. %K % Argo” ; Kao (m.y.) 
B3076 7.00, 7.05 Unsatisfactory 0.0260 398+121 
Av. =7.02 
B3806 7.03, 7.05 9.1 0.0258 395415 
Av. =7.04 
B3807 4.84, 4.87 0.5 0.0255 392412 
Av. = 4.86 
B3833 4.85, 4.81, 4.54 8.6 0.0234 364+15 
Av. =4.73 
B3882 5.00, 5.02 2.6 0.0247 381+11 
Av. =5.01 





* Radiogenic argon-40 
t 398 m.y. is a maximum value only 
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SHORT NOTES 


Argon analyses were made by isotope dilu- 
tion, using enriched Ar** as a spike and Ar*® as 
4 measure of air-argon contamination. Re- 
roducibility of an argon analysis is normally 
hetter than 3 per cent in this age range. Potas- 
gum analyses were made using a Perkin-Elmer 
Model 146 flame-photometer with a lithium 
internal standard. Each potassium measure- 
ment is the average of at least two flame- 
photometer determinations, and the repro- 
ducibility of a single measurement is approx- 
imately 3 per cent. Decay constants used are 
\e=0.585 X 10—yr.—?; A =5.30 XK 10- yr; 
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and K*°=1.22X10-* g/g of K. The an- 
alytical results are shown in Table 2. 

A date of 380-390 million years can thus be 
assigned to geologic time somewhere between 
post-Middle Silurian and pre-Late Devonian 
in southern New Brunswick, and post-Middle 
Silurian and pre-Pennsylvanian in northern 
New Brunswick. In all probability these 
granites are Early Devonian in age. This indi- 
cates a minimum age for Middle Silurian time 
(380 m.y.) and forces an appreciable extension 
of Holmes’ B time scale (1947). 
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Proceedings of the Society 


Rocky Mountain Association of Geologists Field Conference 


A field conference to be held on September 7 and 8 will study the lower and middle Paleozoic section 
ia the Salida, Monarch, Ouray, Silverton, and Durango areas. A technical session will be held in Salida 
on the night of September 6. Additional information may be obtained from Denzil W. Bergman, Con- 
ference Chairman, 1600 Ogden Street, Denver 5, Colorado 





Proceedings of the 14th Annual Meeting of the Rocky Mountain Section 
University of Wyoming, Laramie, Wyoming, May 11-13, 1961 
John de la Montagne, Secretary 


The fourteenth annual meeting of the Rocky Mountain Section of The Geological Society of America 
was held in Laramie, Wyoming, May 11-13. Technical sessions were held the first two days, but inclement 
weather forced the cancellation of the field trips on May 13. 

There were 151 official registrants, 7 registrants by compliment, and 52 student and other nonpaying 
registrants. 


ANNUAL LUNCHEON AND BUSINESS MEETING 


The fourteenth annual business meeting of the Rocky Mountain Section of The Geological Society of 
America was held in the private dining room of the Knight Hall Cafeteria on the campus of the Univer- 
sity of Wyoming, May 12. The meeting was called to order at 12:45 p.m. by Chairman William R. Keefer. 
Eighty-seven Members and Fellows, and two guests (AGI Visiting International Scientists) were present. 
The minutes of the Rapid City meeting were read and approved as read. The financial report showed 
a balance of $1026.58 of which $927.79 represented savings before interest at the Midland Federal Sav- 
ings and Loan Association, Denver, and $98.79 remained in the First National Bank of Bozeman, Mon- 
tana, as an operating fund checking account. The approval of the Financial Report was moved and sec- 
onded by Allen Agnew and Warren Thompson. An auditing committee consisting of Keith Rigby and 
David Clark reported that the Interim Financial Report as of May 6, 1961, had been inspected and 
approved. 

The Chairman read the report of the Ballot committee showing that 174 valid votes were cast for the 
incoming officers who were then introduced, as follows: 


Dr. J. K. Rigby, Brigham Young University, Provo, Utah, Chairman 
Dr. David Clark, Brigham Young University, Provo, Utah, Vice-Chairman 


In accordance with the resolution adopted at the Missoula meeting, 1959, the present Secretary will 


- Fcontinue to serve in that capacity. 


There was no old business. 

Chairman Keefer commented favorably upon the newly instigated division of labor for the officers in 
which the Chairman and Vice-Chairman are most logically heads of the local committee and the Secre- 
tary remains permanently in charge of official correspondence, manuscript review, and finances but is not 
necessarily in residence at the meeting sites. 

The Chairman announced the invitation from Dr. Stuart Northrop on behalf of the University of 
New Mexico, Albuquerque, for the section to meet on that campus during the Spring, 1963. A motion 
toaccept this invitation was proposed and seconded by Warren Thompson and M. Van Couvering. 

The Secretary stated that, in practice, the Section was not complying with existing Bylaws in pro- 
viding for a three-man Nominating Committee for officers. Accordingly, an amendment to the Bylaws 
was moved by G. D. Robinson, and seconded by Frank Swenson. The amendment reads as follows: 
Section 1. Method of electing officers. The incoming officers of the Section each year shall appoint a 


fominating committee of three, at least one of whom shall be a past officer of the Section. (The remainder 


of the paragraph is unchanged). The amendment was passed unanimously. 


PAS 











P 16 PROCEEDINGS OF THE SOCIETY 


The Chairman introduced the following officers of The Geological Society of America: 


Dr. Thomas Nolan, President 

Dr. M. K. Hubbert, Vice-President 
Dr. Frederick Betz, Jr., Secretary 
Dr. E. B. Eckel, Councilor 


Doctor Nolan commented that this particular sectional meeting resembled the early national meetings 
in spirit and numbers present, and outlined problems of the Society concerning the pending move to 
new quarters, the cost of financial management, and the reorganization of publication policy. 

Doctor Hubbert described the ‘‘Fellowship problem” and brought the Section up to date on curten: 
developments regarding it. 

Doctor Betz elaborated on other aspects of Fellowship candidacy and described the problems of growth 
of the national meeting. He stated that sectional meetings will continue to rise in stature and suggested 
that the sections begin to think in terms of systematically sponsoring national meetings on a rotational 
schedule. 

Doctor Eckel congratulated the Section on its growth and strength and complimented the local com. 
mittee for its work in arranging for the 1961 meeting at Laramie. 

The meeting was adjourned at 1:30. 


ANNUAL DINNER 

A total of 151 members, wives, and guests attended the Annual Dinner held in the dining room of 
Knight Hall Cafeteria. Drs. Jean Goguel, Ingenieur General des Mines, Paris, France, and Hisashi Kuno, 
Professor of Petrology, Geological Institute, University of Tokyo, Japan, addressed the assembly on the 
subjects of alpine tectonics and pumice flow, respectively. 


FIELD TRIPS 
A Spring blizzard caused the cancellation of the planned field trip to places of interest in the Laramie 
Basin area for May 13. 


SCIENTIFIC SESSIONS 
The following sessions were held on May 11 and 12: 


General Session 


Cochairmen: ALLEN F. AGNEW AND Horace D. Tuomas 


1. Jon Curonic* anp C. S. Ferris, Jr.: Lower Paleozoic outlier in southeastern 9:15 
Wyoming 
2. J. E. Case* anv H. R. Joestinc: Northeast-trending Precambrian structures in 9:35 


the central Colorado Plateau 

3. R. P. SHetpon, E. K. Maucuan*, ano E. R. CressMan: Sedimentation in 10:00 
Wyoming and adjacent areas during Leonard (Permian) time 

4. R. S. Houston* anp M. E. McCatium: Mullen Creek-Nash Fork shear zone, 10:20 
Medicine Bow Mountains, southeastern Wyoming 


5. Wm. Lez Strokes: Geologic map of Utah 10:40 
6. J. L. Werrz: State line fault and other geofallacies 10:55 
7. E.L. Tututs: Baste Science curriculum in geology 11:15 
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Stratigraphy and Pleistocene Geology 


Cochairmen: J. Kerra Ricsy anp Rosert J. WEIMER 


1. P. E. Sorster: Stratigraphy of Wind River formation (lower Eocene), Gas Hills 


uranium district, Wind River Basin, Wyoming 


2. R.H. De Voro: Tertiary stratigraphy of South Park, Colorado 
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nw 


Ms 
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Vw > 
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. YazpaN Mo tazav: Ely limestone in parts of Utah and Nevada 
. T. C. Hrestanp: Reservoir rock bodies and enclosing rocks mapped in Cretaceous 


formations, Denver and Powder River basins 


. J. Srewart Witirams: Lake Bonneville group in Cache Valley, Utah 
. B. M. Irvine: Geologic investigation of landslides in the Ralston Creek area, Jef- 


ferson County, Colorado 


.M. E. McCatitum: Glaciation of Libby Creek Canyon, east flank of Medicine 


Bow Mountains, southeastern Wyoming 


Areal Geology 


Cochairmen: Witt1aM H. Witson anp WILLIAM J. McMannis 


.H.J. Winxter: Geology of the Scipio Pass area, Juab and Millard counties, Utah 
. J. W. Guyton: Late Cretaceous-early Tertiary history of the Lost Soldier area, 


Wyoming 

.C.N. Murvock: Geology of the Weston Canyon area, Bannock Range, Idaho 

C. R. Dunrup: Volcanic and sedimentary rocks in the Jack Creek area, Park 

County, Wyoming 

. P.B. Scumipt: Geology of the State Bridge area, Colorado 

. D.B. Anpretra: Geology of the Moose Creek stock, Highland Mountains, Mon- 
tana 

. R.W. Scorr: Geology of the Rabbit Ears Pass area, Jackson and Grand counties, 
Colorado 


Stratigraphy and Engineering Geology 


Cochairmen: Witi1aM H. Curry anp Bruce F. Curtis 


. D. W. Botyarp* anp JoHN Curonic: Pennsylvanian stratigraphy in Sangre de 
Cristo Mountains, Colorado 

. Bronson STRINGHAM: Precambrian stratigraphy of the Grouse Creek Mountains, 
northwestern Utah 

. G. B. Rosinson, Jr.: Leonardian Pequop formation (Permian) in central Pequop 
Mountains, Nevada 

. K. A. Hopexinson: Permian stratigraphy of part of northwestern Utah 

. J. V. A. Sare: Stratigraphy of the Dakota, Mowry, and Frontier formations of 
the Piceance basin, Colorado 

. D. L. Warner: Stratigraphy of the lower portion of the Mesaverde formation, 
southeastern Piceance basin, Colorado 

. W. F. Suerman: Engineering geology of the Cody Tunnel project, Wyoming 
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Mineralogy and Petrology 


Cochairmen: Paut K. Sims AND JoHN P. WEHRENBERG 


1. Minc-SHan Sun: Oriented growths of cryptomelane in sylvite, Carlsbad, New 
Mexico 
2. B. J. ANDERSON* anv J. A. WueLan: Nickel-bearing minerals in the southern 
Oquirrh Mountains, Utah 
. D.L. Hoover: Geology of the Lark mine and vicinity, San Juan County, Colorado 
. G. B. De Koster: Petrology of carbonate rocks in the Goose Egg formation, east- 
ern Big Horn Basin, Wyoming 
5. J. T. O'Connor: Metamorphic rocks of the staurolite-almandine subfacies from 
southern Buckhorn Mountain, Larimer County, Colorado 
6. Howarp Srensrup: Lake Owens mafic complex, Medicine Bow Mountains, 
Wyoming 
7. R. E. Bover* anv H. D. Kine: Petrogenetic significance of heavy minerals in 
the San Isabel batholith, Wet Mountains, Colorado 
8. W. H. Tauseneck: Zircons in granitic rocks near Cornucopia, Wallowa Moun- 
tains, northeastern Oregon 


> Ww 


Geochemistry and Precambrian Geology 


Cochairmen: A. L. SLAUGHTER AND R. M. HutcHInson 


1. R. T. Cuew III ann H. T. Mitren*: Geochemical prospecting in northwest Mon- 
tana 
2. R. E. Rrecxer: Geologic interpretations of hydrocarbon fluorescence under ultra- 
violet light 
3. M. Koxsoy* anp L. W. LeRoy: Trace elements in lichens—a possible geochem- 
ical exploration tool 
4, J. P. Wenrenserc* anv ARNOLD SiLveRMAN: Diffusion of base metals at Gil- 
man, Colorado 
5. D. N. Srevens* anv M. A. Kiucman: Trace-element dispersion in quartzite 
wall rock at the Phillips mine, Park County, Colorado 
6. S. RAMARATHNAM: Geology and petrology of the southern part of the Laramie 
anorthosite, Albany County, Wyoming 
. T. H. Murray, Jr.: <Anorthosite and the ilmenite-magnetite deposits of a portion 
of the Laramie anorthosite, Albany County, Wyoming 


NI 


Structure and Paleontology 


Cochairmen: J. Stewart WILLIAMS AND ReuBEN J. Ross, Jr. 


1. M. H. Mancunant* anp Jonn Hower: Structural significance of a gravity pro- 
file in the Bitterroot Valley, Ravalli County, Montana 

2. J. K. Ricsy* anp E. L. Firzceratp: Medial and late Paleozoic structural his- 
tory of western Alberta and eastern British Columbia 

3. L. W. McGrew: Structure of Cenozoic rocks along the northwestern margin of 
the Julesburg Basin, southeastern Wyoming 
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4, H. E. Hott: Structural features of the Blue River valley, Colorado 2:25 
5. F. A. Donatu anv R. B. Parxer*: Folds and folding 2:45 
6. R. B. Hox*, R. M. Foose, anv B. J. O’Nemtt, Jr.: Structure of the Winnfield 3:10 
Salt Dome, Winn Parish, Louisiana 
9:00 7, D. W. Trexter: Coccolithophorid assemblages from the Benton and Niobrara 3:30 
groups, Canon City area, Colorado 
9:15 8. Hernrich Toots: Burrowing organisms and their effect on sediments 3:50 
9, K. R. Newman: Microfossil correlations of Upper Cretaceous and Paleocene 4:10 
9:30 formations, Sand Wash and Piceance basins, northwestern Colorado 
9:55 - 
10:20 By Title 
i? E. M. Scuett: Geology of the Marietta mine, Broadwater County, Montana 
10:55 G. E. SorENSEN, JR.: Geology of the Thousand Springs Valley area, Madison and Teton 
: counties, Idaho : 
H. T. Srearns: Unusual glassy basaltic dikes at Co. eld, Oregon 
M5 a PP ape 
; H. T. Stearns: Sill at the base of the Columbia River basalts near Robinette, Oregon 
W.H. Tauseneck: Zeolites in granitic rocks from northeastern Oregon 
1:30 
1:55 
2:15 
2:35 
2:55 
3:20 
3:40 
1:30 
1:45 
2:05 
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